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ABSTRACT 


The  design,  construction  and  performance  of  an  x-ray  diffraction 
system  capable  of  measuring  intensities  with  a  precision  of  0.  1  percent, 
and  lattice  parameters  with  an  accuracy  of  0.  0001 A  and  higher  precision 
is  described.  The  complete  x-ray  optical  system  is  contained  in  a  high 
vacuum  (E-6  mm  of  Hg)  chamber.  The  specimen  temperature  can  be 
varied  from  77K  to  700K,  The  operation  of  the  system  is  automatic; 
data  are  recorded  on  IBM  cards  and  processed  by  a  computer. 

The  slope  and  ratio  methods  of  measuring  the  Debye  temperature 
of  nickel  are  compared,  and  the  ratio  method  is  considered  superior. 

The  Debye  temperature  of  nickel  obtained  from  twenty-eight  determinations 
by  the  ratio  method  is  423.  ±4K.  It  is  not  believed  to  be  possible  to  de-.  - 
termine  the  change  in  the  Debye  temperature  in  cold  worked  nickel  because 
of  the  difficulty  in  separating  the  Bragg  scattering  from  the  background. 
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INTRODUCTION 

Fifty  years  have  passed  since  x-ray  diffraction  was  a  scientific 
centre  of  attention,  and  its  power  has  been  to  some  extent  forgotten  with 
the  advent  of  new,  intriguing,  techniques:  therefore  it  is  worthwhile  to 
recall  some  important  advantages  of  x-ray  diffraction  methods. 

Statistical  parameters  such  as  the  root  mean  square  amplitude 
of  thermal  vibration  of  atoms  in  a  crystal,  and  the  average  size  and 
shape  of  small  crystals  which  are  impossible,  or  at  least  difficult  and 
tedious,  to  obtain  by  direct  image  microscopy  may  be  obtained  directly 
by  diffraction  methods.  The  resolution  of  diffraction  methods  is  higher 
than  direct  image  methods.  Since  the  momentum  of  x-ray  photons  and 
phonons  is  comparable,  it  is  possible  to  investigate  elastic  constants, 
interatomic  force  constants  and  the  spectrum  of  lattice  vibrations.  The 
importance  of  x-ray  diffraction  in  the  analysis  of  the  structure  of  matter 
(gas,  liquid  and  solid)  is  well  known. 

Before  meaningful  physical  results  can  be  obtained  by  x-ray 
diffraction  methods  three  conditions  must  be  observed:  (1)  the  intensity 
of  scattering  must  be  measured  over  the  necessary  volumes  of  reciprocal 
space;  (2)  the  type  of  scattering  studied  must  be  isolated  from  the  total 
scattered  intensity;  (3)  the  isolated  intensity  must  be  analysed  to  obtain 
the  pertinent  data. 

The  experimenter  is  responsible  for  the  first  requirement,  the 
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t .  hf*o  mtician  fn  r  thr  third;  the  pprond  condition  is  the  meeting;  ground 
of  the  theoretician  and  experimenter.  As  x-rav  diffraction  methods 
advance,  it  will  become  increasingly  difficult  for  one  person  to  cope 
with  all  three  aspects. 

The  intimate  relationship  between  the  resolution  and  precision 
of  experimental  apparatus  ar.d  the  information  the  apparatus  yields  is 
emphasized  in  a  diffraction  theory  recently  developed  by  Hosemarm 
and  Bag  chi  (1962).  This  theory  begins  with  the  realization  that 
measured  values  do  not  correspond  to  functions  in  the  classical  math¬ 
ematical  sense  (i.e.  a  one  to  one  mapping  of  two  or  more  sets.)  For 
example,  the  intensity  of  x-ray  scattering  referred  to  reciprocal  space 
is  not  measured  at  a  point  (x(  x^x^  =  x(-  )  but  over  a  small  volume,  say 

x,  to  Xj  +ax,  .  The  value  of  ax;  ,  which  is  a  measure  of  the  resolution, 
depends  only  on  the  apparatus.  Clearly,  structure  finer  thanzix; 
cannot  be  resolved  at  all.  Further,  the  measured  intensity  does  not 
represent  a  mathematical  point  but,  because  of  errors,  actually  repre¬ 
sents  a  range  of  probable  values.  Finally  the  experiments  are  performed 
not  from  time  minus  infinity  to  plus  infinity  hut  over  a  restricted  time  -- 
usually  a  very  short  time  --  which  again  limits  the  value  of  the  experi¬ 
mental  data  available. 

Thus,  the  theory  is  designed  to  extract  all  the  useful,  or  real, 
information  from  experimental  data  without  becoming  enmeshed  in 
details  that  cannot  be  observed.  To  obtain  data  containing  more 
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information,  the  precision,  or  the  resolution,  of  the  apparatus  must  be 
improved.  The  main  object  of  the  work  described  in  ftiis  thesis  is  the 
design,  construction,  and  operation  of  an  x-ray  diffraction  apparatus 
(XRAS)  to  provide  the  best  data  possible  within  the  imposed  limits  of 
time,  financial  resources,  and  technological  facilities. 

Experiment  has  shown  that  when  a  well  collimated  beam  of  x- 
rays  encounters  a  collection  of  atoms  in  the  gaseous,  liquid  or  solid 
state,  secondary  x-rays  are  emitted  in  all  directions.  In  general  the 
intensity  of  the  secondary  x-rays  is  weak  compared  to  the  incident 
beam:  it  is  usually  less  than  0.  Olpercent.  The  secondary  radiation, 
although  emitted  in  all  directions,  is  not  uniformly  distributed;  it  does 
not  have  a  uniform  wavelength;  it  is  not  uniformly  polarized.  It  is 
produced  by  a  number  of  processes,  and  to  investigate  any  one  of  these 
processes  it  is  necessary  to  select  for  examination  only  that  part  of 
the  secondary  radiation  which  will  give  the  pertinent  information.  The 
remainder  must  be  eliminated,  but  before  it  can  be  safely  eliminated 
it  must  be  recognized,  and  possibly  analysed. 

This  problem,  which  comprises  the  second  objective  of  this 
project,  has  not  been  satisfactorily  solved.  Laue  or  Bragg  scattering 
is  particularly  important  because  it  is  used  in  some  way  in  virtually 
all  x-ray  diffraction  work.  Yet  in  this  work  the  precision  of  measur¬ 
ing  Bragg  scattering  is  limited  not  by  the  experimental  data  but  by  the 
method  of  isolating  the  Bragg  scattering  from  the  total  scattering. 
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The  importance  of  this  problem  has  not  been  emphasized  in  the  past, 
presumably  becttyse  it  was  not  obvious  with  less  precise  data. 

The  third  problem,  the  analysis  of  a  specific  type  of  scatter¬ 
ing  to  obtain  desired  physical  results,  encompasses  a  large  field. 
However,  some  aspects  are  of  general  significance.  For  example, 
those  studies  which  view  the  ion  as  the  elementary  structural  unit, 
require  a  knowledge  of  the  scattering  by  a  single,  isolated  ion.  The 
structure  of  the  ion  is  relatively  insensitive  to  the  presence  of  other 
ions  and  therefore  the  total  intensity  scattered  by  a  collection  of  ions 
can  be  obtained  by  adding  the  scattering  from  each  ion.  Scattering 
from  an  ion  with  spherical  symmetry  depends  only  on  the  x-ray  wave¬ 
length  and  scattering  angle  and  is  described  by  a  function  called  the 
scattering  factor.  Theoretical  calculations  of  the  scattering  factor 
by  methods  of  Hartree-Fock  and  Thomas -Fermi  have  been  published 
for  most  atoms  and  ions.  The  precision  of  experimentally  determined 
scattering  factors  is  worse  than  1  percent  and  often  as  poor  as  5  percent, 
and  it  will  not  be  substantially  improved  until  the  problem  of  uniquely 
separating  Bragg  scattering  from  the  background  is  solved.  This 
problem  affects  all  x-ray  diffraction  analyses. 

Measurements  in  x-ray  diffraction  that  are  made  over  periods 
that  are  long  compared  to  the  period  of  the  x-rays  (E-18  seconds)* * 

-  18 

*  The  notation  E-18  =  10  follows  the  format  used  in  the  common 


computer  language  Fortran. 
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or  thermal  motion  (E-12  seconds),  are  generally  related  to  a  static 
model  that  represents  the  structure  averaged  over  time.  The  effect 
of  thermal  motion  in  reducing  the  amplitude  of  the  electron  density 
distribution  must  be  considered:  this  is  accomplished  to  a  first 
approximation  by  a  Debye  temperature  factor,  -2M,  which  is  related 
to  the  absolute  temperature  and  the  Debye  temperature  of  the  specimen. 
Theoretical  calculations  of  a  correct  temperature  factor  are  not  satis¬ 
factory  because  the  problem  of  thermal  motion  of  atoms,  even  for  the 
simplest  crystal,  has  not  been  satisfactorily  solved. 

The  vibrational  properties  of  a  crystal  that  control  the  Debve 
temperature  also  exert  a  major  influence  on  the  strength,  rigidity, 
hardness,  melting  point,  and  thermodynamic  properties.  Thus  most 
of  the  characteristics  of  materials  that  interest  a  metallurgist  could 
be  related  to  a  single  unified  theory  of  lattice  vibrations.  Theoreti¬ 
cal  approaches  such  as  Born  and  Huang's  work  'Dynamical  Theory  of 
Crystal  Lattices',  are  far  ahead  of  experimental  results.  The  care¬ 
ful  study  of  the  Debye  temperature  of  nickel  from  x-ray  diffraction 
data,  which  is  the  second  objective  of  this  thesis,  is  a  modest  contri¬ 
bution  to  the  experimental  data  needed  to  develop  the  theory  of  lattice 
dynamics . 

j-j-  g  hoped  that  the  introduction  has  shown  that  the  usefulness 
of  x-ray  diffraction  to  science  depends  on  tie  production  of  high  quality 
data,  and  equally  upon  an  appreciation  of  the  difficulties  that  exist  in 
relating  x-ray  diffraction  theory  to  experiment. 
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APPARATUS 

1.  THE  SELECTION  OF  AN  X-RAY  DIFFRACTION  SYSTEM 

The  general  design  of  the  x-ray  diffraction  system  (XRAS) 
and  the  reasons  for  the  design  are  briefly  outlined  to  provide  an 
overall  view  before  discussing  the  individual  parts  of  the  system. 

Those  systems  which  record  data  on  film  or  strip  charts  are 
rejected  because  the  precision  is  limited  to  worse  than  1  percent  by 
the  recording  medium.  A  system  capable  of  high  precision  measure¬ 
ments  must  detect,  count  and  record  digitally  the  x-ray  photons. 
Bragg-Brentano  focusing  (James,  1958  p.334)  is  the  only  arrange¬ 
ment  which  has  sucessfully  employed  photon  counters.  (Baun  and 
Renton  (1963)  briefly  described  a  diffractomete r  based  on  Seeman- 
Bohlin  geometry).  The  Bragg-Brentano  method,  which  is  used  on 
all  commercial  diffractometers,  maintains  a  specimen  surface  at 
angle  theta  and  detector  at  angle  two  theta  to  Ihe  incident  beam.  A 
horizontal  circle  diffractometer  simplifies  cryostat  design. 

Continuous  scanning  techniques  used  on  most  commercial 
diffractometers  are  unsuitable  for  high  precision  studies  because 
of  the  difficulty  in  relating  the  time  at  which  a  photon  is  detected  to 
the  scattering  angle.  Therefore  a  step  scanning  proceduie  has  been 
adopted  for  XRAS  in  which  the  apparatus  is  stationary  during  each 
measurement.  To  preserve  precision  the  data  must  be  recorded  in 
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a  digital  form  on  a  medium  such  as  printed  paper,  perforated  paper 
tape,  I.B.M.  (International  Business  Machine)  cards,  digital  magnetic 
tape,  etc.  The  initial  choice  of  perforated  pa,per  tape  was  quickly 
discarded  and  I.B.M,  cards  are  now  used  for  data  recording.  For 
practical  considerations  the  operation  of  the  apparatus  is  almost 
entirely  automatic;  for  versatility  the  optical  system  is  placed  in  a 
high  vacuum  chamber,  and  the  specimen  holder  may  be  used  over  a 
temperature  range  of  70  K  to  800  K. 

Z.  ERRORS  INTRINSIC  TO  THE  X-RAY  DIFFRACTION  APPARATUS 

An  effective  design  of  an  x-ray  diffraction  system  depends 
upon  an  initial  appreciation  of  the  sources  of  error,  for  an  x-ray 
diffraction  system  is  complex,  and  involves  many  components  that 
can  cause  significant  errors  in  the  data.  These  components  and  the 
errors  they  cause  are  discussed  below. 

(a)  The  Stability  of  the  X-ray  Beam 

The  intensity,  direction  and  spatial  position  of  the  incident 
beam  are  assumed  constant  with  respect  to  time.  Changes  in  direction 
and  spatial  position  of  the  beam  are  due  primarily  to  changes  in  the 
shape  and  position  of  the  focal  spot,  which  in  turn  are  presumably  due 
to  changes  in  the  position  of  the  x-ray  tube  filament.  Operating  the 
filament  at  a  low  temperature  should  minimize  such  changes.  Further, 
such  changes  can  be  detected  by  repeating  a  measurement. 
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The  intensity  of  tie  spectral  K.  line  is  given  empirically  by 
the  equation: 

I  =  Bi(V-Vk)n  (!) 

I  -  intensity  of  the  K  line 
B  -  empirical  constant 
i  -  tube  current 
V  -  tube  voltage 

Vk  -  excitation  voltage  of  the  K  line 
n  -  empirical  constant  approximately  equal  to  1 . 5 
The  relative  change  in  I  with  i  and  V  is  given  by 

dl/I  =  B(V-Vk)ndi/(Bi(V-Vkn  +  nBi(V-Vk  )n"  1dV/(Bi(V-Vkf  (2) 

dl/I  =  di/i  +  ndV/(V-Vk)  (3) 

Hence  the  intensity  I  varies  linearly  with  tube  current  and  to  a  higher 
power  with  tube  voltage.  For  example,  consider  a  molybdenum 
target  operated  at  48kv  and  Vk  =  l6kv  and  n  =  1.5 

dl/I  =  di/i  +  2 . 3dV  /V  (4) 

If  the  tube  is  operated  at  32kv,  the  relative  change  in  I  is  given  by 

dl/X  =  di/i  +  3dV/V  (5) 

In  this  case  the  intensity  varies  as  the  third  power  of  the  tube  voltage, 
which  illustrates  the  importance  of  a  highly  stable  voltage  source. 
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In  XR AS  the  voltage  source  is  stable  to  0.01  percent:  this  can  con¬ 
tribute  an  error  in  beam  intensity  as  large  as  0.04  percent.  The 
tube  current  is  said  to  be  stable  to  0.01  percent.  The  variations  in 
tube  voltage  and  current  combined  may  produce  an  error  as  large 
as  0.05  percent.  The  author  would  be  pleasantly  surprised  if  beam 
intensity  were  stable  to  0.1  percent  over  long  periods  of  time,  be¬ 
cause  aging  effects  and  temperature  variations  cause  an  unknown 
error.  However  a  0.  1  percent  error  is  usually  much  less  than 
the  statistical  error,  and  is  therefore  tolerable. 

(b)  Statistical  Errors  in  Measured  Intensities 

The  x-ray  photons  in  the  incident  beam  are  randomly  spaced 
in  time  because  they  are  related  to  electrons  ejected  thermally,  and 
therefore  randomly,  from  the  x-ray  tube  filament.  The  average 
number  of  x-ray  photons  per  unit  time  is  called  the  intensity.  It  is 
assumed  that  if  measurements  were  made  over  an  infinite  (sufficiently 
long)  period  of  time  the  'true'  value  of  the  intensity  would  be  deter¬ 
mined.  The  probable  error  (i.  e.  the  error  which  is  as  likely  to  be 

_  l 

exceeded  as  not)  caused  by  counting  only  N  photons  is  0. 67N  2. 

This  error  can  be  made  as  small  as  one's  patience  allows. 

The  ripple  in  the  high  voltage  supply  to  the  x-ray  tube  causes 
a  pulsation  in  the  incident  beam  intensity  with  a  frequency  of  1Z0  cycles 
per  second  (full  wave  rectified).  If  the  high  voltage  supply  were 
'smooth'  the  probability  of  emitting  a  photon  would  be  constant  with 


time . 
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(c)  Noise  or  Non  -  X-  Ray  Background 

The  non  -  x-ray  background  is  caused  by  background  radiation 
(e.g.  cosmic  rays)  and  "noise”  in  the  electronics.  The  signal  pulse 
(voltage)  height  is  directly  proportional  to  the  energy  of  the  photon 

O 

detected.  Wavelengths  longer  than  5A  cannot  normally  be  detected 
with  scintillation  detectors  because  the  signal  is  smaller  than  the 
electronic  noise  (see  page  27  ).  In  XRAS  the  non  -  x-ray  background 
is  presumably  due  to  background  radiation  that  cannot  be  distinguished 
from  the  K  radiation.  If  this  is  the  case,  it  cannot  be  further  reduced 
with  present  techniques.  Many  modern  x-ray  diffraction  systems 
report  non  -  x-ray  backgrounds  as  high  as  1.5  counts  per  second  -- 
a  value  which  affects  experiments  involving  weak  intensities,  such  as 
diffuse  scattering  or  weak  Bragg  reflections.  In  XRAS  the  total  non¬ 
x-ray  background  is  0. 1  counts  per  second. 

The  relative  probable  error, Al/  I,  in  an  intensity  measurement 
of  I  counts  in  the  presence  of  a  background  of  B  counts  is 

0.5 

Al/I  =  0.67(1  +  B)  /  (I-B)  (6) 

Hence  it  is  desirable  to  make  I»B.  In  XRAS  B/I  is  probably  always 
less  than  0.  02 . 

The  effect  of  statistical  errors  on  precision  is  dependent  upon 
the  incident  beam  intensity  available  and  one's  patience.  In  XRAS, 
Philips  x-ray  tubes  are  operated  at  600  watts.  It  is  physically 
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possible  to  construct  rotating  anode  tubes  with  a  power  of  300,000 
watts.  (The  strength  and  thermal  conductivity  of  the  anode  limit 
the  maximum  heat  dissipation).  With  such  a  tube,  experimental 
time  could  be  reduced  by  a  factor  of  500  or  even  more  if  the  intensity 
of  diffracted  radiation  is  weak. 

(d)  Time  Interval  Measurement 

An  intensity  measurement  involves  counting  a  number  of 
photons  in  a  specified  time  interval.  The  error  in  the  time  interval 
(+3E  -7  seconds  in  10  seconds  is  specified  by  the  manufacturer)  in 
XRAS  may  be  reasonably  neglected. 

(e)  Specimen  Temperature 

Although  a  1  K  error  in  specimen  temperature  is  significant 
in  some  x-ray  diffraction  experiments,  such  as  precision  lattice 
parameter  and  Debye  temperature  studies,  it  is  probably  not  prac¬ 
tical  to  measure  temperature  over  a  800  K  range  in  a  routine  manner 
with  higher  precision.  In  XRAS  the  temperature  is  measured  with  a 
chromel-alumel  thermocouple,  ice  junction  and  4725  Rubicon  Poten¬ 
tiometer,  which  is  readable  to  1  microvolt.  The  observed  temper¬ 
atures  are  believed  accurate  to  ±  1.0  K. 

(f)  Optical  Alignment 

The  optical  alignment  of  the  x-ray  source,  specimen,  detectors 
and  collimators  affects  the  intensity.  The  basic  difficulty  is  that  one 
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hopes  the  alignment  is  good1,  but  does  not  know  the  amount  of  misa¬ 
lignment:  otherwise  one  would  correct  it.  Measurements  of  relative 
intensity  are  not  as  sensitive  to  alignment  as  are  absolute  measurements, 

Approximately  three  months  were  spent  aligning  XRAS  using 
alignment  jigs  based  on  a  design  by  Parrish  and  Lowitzsch  (1959).  It 
is  believed  that  most  adjustments  are  within  0.001  inches  or  1  minute  of 
arc.  In  addition,  a  set  of  electromagnets  was  arranged  to  move  the  spec! 
men  through  an  arc  of  10  minutes  (2:1  adjustment)  and  a  displacement  of 
0.010  inches  (specimen  eccentricity).  Surprisingly,  the  peak  intensity 
was  not  increased  by  more  than  3  percent  by  the  finest  adjustments 
possible  (estimated  at  30  seconds  of  arc  and  0.0001  inches  displacement). 
However,  the  331  peak  from  nickel  with  MoK  radiation  was  displaced  as 
much  as  0.03&  theta  by  displacements  of  the  order  0.010  inches.  The 
data  were  not  plotted  to  observe  the  change  in  line  profile,  which  could 
affect  the  integrated  intensity. 

These  results  suggest  that  the  intensity  is  not  particularly 
sensitive  to  misalignments  less  than  0.001  inches.  This  is  understand¬ 
able  when  one  considers  that  x-rays  are  scattered  not  by  the  specimen 
surface  but  by  a  finite  thickness.  With  a  nickel  specimen  and  MoK 
radiation  at  50°  Bragg  angle,  1  percent  of  the  intensity  is  scattered 
from  depths  below  0.004  inches,  10  percent  from  below  0.0004  inches 
and  60  percent  from  below  0.00004  inches.  Thus  misalignment  errors 
smaller  than  the  effective  thickness  of  the  specimen  surface,  which  is 
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of  the  order  of  0.0001  inches,  are  not  expected  to  greatly  affect  the 
intensity . 

The  above  argument  is  not  intended  to  condone  careless  alignment, 
but  it  is  a  situation  in  which  one  can  only  do  one's  best.  The  error  in 
this  work  caused  by  misalignment  seems  impossible  to  evaluate,  but 
great  care  was  taken  to  minimize  the  error. 

(g)  Summary 

The  statistical  error  due  to  the  finite  number  of  photons  counted 
is  usually  the  largest  error,  and  it  depends  substantially  on  the  intensity 
of  x-rays  and  the  time  available.  The  instability  of  the  incident  x-ray 
beam  probably  limits  the  precision  in  XRAS  to  about  0.  1  percent.  The 
alignment  error  cannot  be  evaluated  but  appears  to  be  small.  In  relative 
intensity  measurements  at  least,  the  alignment  error  should  be  negligible. 
Errors  originating  in  the  other  components  of  XRAS  (detector,  amplifier  , 
pulse  height  analyzer  and  counter)  probably  do  not  total  0.  1  percent. 

Given  sufficient  time  and  x-ray  power,  intensity  measurements  with  a 
precision  approaching  0.  1  percent  appear  to  be  practical. 

3.  THE  X-RAY  DIFFRACTION  SYSTEM  -  XRAS 

This  description  of  the  x-ray  diffraction  system,  called  XRAS, 
roughly  follows  the  flow  of  energy  and  information  from  the  x-ray  gener- 

A  £  4 

ator  to  the  IBM  card  punch.  Figure  1,  a  schematic  block  diagram 
illustrates  the  organization;  figure  2  provides  an  overall  view  of  the 


Figure  1.  Arrangement  of  Circuits  in  XRAS 
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Figure  3.  Cutaway  View  of  Vacuum  System 
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vacuum  system  which  houses  the  x-ray  optical  system;  figure  3  is  a 
cut-away  view  of  the  optical  sy  stem. 

(a)  X-ray  Generator 

A  model  D3-F,  made  by  Rigaku-Denki,  provides  up  to  40  ma  at 
60  kv  of  full -wave -rectified  unfiltered  power.  A  model  2501  Sorenson 
voltage  regulator  maintains  the  input  voltage  constant  within  0.01  percent, 
with  a  response  time  of  1  cycle  and  less  than  5  pe rcent  distortion.  The 
x-ray  tube  current  is  stabilized  so  that  a  change  from  20kv  to  40  kv 
causes  less  than  0. 3  ma  change.  Considering  that  Ihe  input  voltage  is 
stable  to  0.01  percent,  only  a  4  volt  variation  from  40kv  is  expected, 
and  this  could  alter  the  tube  current  by  about  1  part  in  25,000.  Clearly, 
any  variation  in  tube  current  is  largely  due  to  temperature  changes  and 
aging. 


(b)  Diffractometer 

The  SG-I1  Rigaku  Denki  horizontal  circle  diffractometer  is  well 
suited  for  operation  with  a  cryostat.  The  precision  is  specified  at 
7  seconds  of  arc.  The  standard  synchronous  motor  was  replaced  by 
a  slo-syn  stepping  motor,  which  is  driven  at  100  steps  per  revolution 
of  the  diffractometer.  The  motor  can  be  driven  asynchronously  up  to 
100  steps  per  second,  which  corresponds  to  30  theta  per  minute.  An 
eight  channel  perforated  paper  tape  reader  permits  'programmed 
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scanning  by  driving  the  motor  either  forward  or  reverse,  and  either 
continuously  or  at  one  step  per  reading.  The  paper  tape  advances  one 
character  after  the  motor  takes  thirty  two  steps.  The  paper  tape  code 
is  defined  as  follov^s: 


Table  I.  Paper  Tape  Format 


Type  of  Scan 

Paper  Tape  Channel 

1-2-3-4-5-6-7-8-9-0 

Motor  steps  once  forward  after  each 

reading 

x*fc  X 

Motor  steps  once  backwards  after  each 

reading 

X  X 

Motor  driven  forward  at  up  to  100  steps 

per  second.  No  readings  are  taken. 

X  X 

Motor  driven  backwards  at  up  to  100  steps 

X  X 

per  second.  No  readings  are  taken 

*  The  'x*  indicates  a  hole  is  punched  in  the  paper  tape. 

For  unambiguous  operation  only  two  holes  can  be  punched  in  one 
character.  Programmed  scanning  permits  the  operator  to  obtain  the 
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maximum  information  in  the  experimenfel  time  available. 

(c)  Angle  Readout 

At  the  beginning  of  a  scan  the  angle  is  observed  and  a  transistorized 
binary-coded  decimal  counter  is  set  to  zero.  This  counter  records  the 
number  of  steps  taken  which,  together  with  the  starting  angle,  defines 
the  angle  at  any  later  time.  With  each  reading  the  number  of  steps 
accumulated  in  the  counter  is  recorded  on  IBM  cards.  This  method 
encounters  difficulties  if  the  motor  direction  is  reversed,  because  the 
counter  is  unable  to  subtract  and  the  angle  recorded  continues  to  increase. 
A  shaft  encoder,  which  reads  the  angle  directly,  would  not  only  avoid 
this  problem  but  would  also  eliminate  the  error  in  reading  the  starting 
angle . 


(d)  X-ray  Detector,  Amplifier  and  Counter 

A  Norelco  scintillation  detector  using  a  beryllium  window,  sodium 
iodide  crystal,  Dumond  photomultiplier  tube  and  preamplifer,  was  selected 
in  preference  to  a  proportional  counter  because  of  higher  detection  efficiency 
and  virtually  unlimited  life,  even  though  the  noise  is  higher  and  the  energy 
resolution  poorer.  High  voltage  for  the  detector  is  supplied  from  a  John 
Fluke  502A  with  a  range  of  500  to  5000  volts,  which  may  be  set  to  1  volt 
and  with  0.  005  percent  regulation.  The  ripple,  which  is  specified  at  less 
than  5  millivolts,  is  further  reduced  by  a.  factor  of  0.0001  by  a  filter  built 
from  two  15  uf  capacitiors  and  two  45  henrv  chokes. 
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The  noise  in  the  high  voltage  supply  is  probably  due  to  pick-up  and  thermal 
fluctuations.  A  noise  level  of  the  order  of  1  millivolt  originates  in  the 
Norelco  detector. 

The  pulse  from  the  detector  is  amplified  10 -fold  by  a  Franklin 
349A  preamplifier  before  entering  a  Franklin  model  349  double  delay 
line  linear  pulse  amplifier  and  pulse  height  analyzer ,  which  further  amplifies 
the  pulse  and  passes  only  those  pulses  with  height  less  than  a  set  maximum 
and  greater  than  a  set  minimum.  As  the  pulse  height  is  proportional  to 
the  energy  of  the  photon  which  caused  the  pulse,  a  degree  of  monochro- 
matization  is  obtained.  The  pulses  are  accumulated  in  a  six  digit  Beckman 
7061  counter  in  which  the  time  base  is  accurate  to  3  E-7  seconds  arid 
may  be  preset  within  1  millisecond  from  1  millisecond  to  10  seconds. 

The  counter  has  a  1-2 -2 -4  binary  coded  decimal  oulput  of  12  volts  at  5 
megohms.  Utilizing  this  output  the  number  of  counts  accumulated  in  the 
counter  during  the  preset  time  interval  is  recorded  on  IBM  cards  with 
an  IBM  26  printing  card  punch. 

The  readout  system,  paper  tape  reader,  angle  counter,  IBM  card 
punch  drive,  and  the  control  system  were  designed  and  built  at  this 
university  by  the  author  and  the  Flectronics  Division  (headed  by  Mr.  W. 
Corfield)  of  Technical  Services. 

(e)  Detector  Performance 

XRAS  is  a  general  purpose  system  and  requires  a  versatile  x-ray 
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detector.  The  sodium  iodide  scintillation  detector  was  selected  for 
several  reasons  .  The  quantum  counting  efficiency,  that  is  the  percentage 
of  incident  photons  absorbed  in  the  detector,  neglecting  the  absorption  in 
the  0.005  inch  beryllium  window,  is  virtually  100  percent  in  the  x-ray 
region.  In  comparison,  the  quantum  counting  efficiency  of  the  Norelco 
xenon-filled  proportional  counter  is  only  of  the  order  of  20  percent  for 
MoK  x-rays.  The  life  of  the  scintillation  detector  is  virtually  unlimited. 
However,  proportional  counters  contain  a  quench  gas  such  as  methane, 
which  is  decomposed  by  about  E+10  photons,  and  this  limits  its  useful 
life  to  a  few  days  in  intense  reflections  or  near  the  direct  beam.  These 
two  reasons  led  to  the  rejection  of  the  xenon-filled  proportional  counter 
for  XR AS . 

The  resolving  time  of  the  scintillation  detector,  preamplifier, 
amplifier  and  counter  is  one  microsecond.  This  can  only  be  improved 
by  using  faster  scintillators  such  as  anthracene  and  equally  fast  electronics. 
(No  detector  used  at  present  for  x-ray  diffraction  provides  higher  re¬ 
solving  times  although  solid  state  detectors  show  considerable  promise.) 
Except  in  the  most  intense  reflections  dead  time  losses  are  negligible  or 
easily  corrected  by: 

Nt  =  N/(l  -  NT).  .  (7) 

Nt  -  true  intensity  in  counts  per  second 
N  -  measured  intensity 
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T  -  dead  time  -  1. 2  E-6  seconds  for  integral  pulse 
height  analysis. 

—  4  E-6  seconds  for  differential 
pulse  height  analysis. 

This  equation  does  not  apply  exactly,  because  the  photons  from  an  unfil¬ 
tered  full-wave  rectified  x-ray  generator  are  not  perfectly  random  with 
time. 

In  the  scintillation  detector  the  absorbed  photon  causes  a  fluorescence 
with  intensity  proportional  to  the  energy  of  the  photon.  This  fluorescence 
in  turn  causes  photoelectrons  to  be  ejected  from  the  dynodes  of  the 
photomultiplier  tube.  The  photoelectrons  from  the  last  dynode  form  the 
pulse  which  will  be  amplified  linearly  for  pulse  height  analysis.  This 
pulse,  which  is  characterized  by  its  voltage  or  pulse  height,  is  not 
exactly  proportional  to  the  energy  of  the  x-ray  photon  because  the 
fluorescence  in  the  sodium  iodide  crystal  and  the  ejection  of  photoelectrons 
in  the  photomultiplier  tube  involve  statistical  factors. 

There  are  two  methods  used  for  pulse  height  analysis.  The  integral 
method  consists  of  measuring  the  number  of  pulses  per  unit  time  which 
are  greater  than  a  set  value.  In  the  differential  method,  the  number  of 
pulses  per  unit  time  whose  heights  lie  between  two  set  values  are 
measured.  The  lower  value  is  called  the  base  line  and  the  difference 
between  the  two  values  is  called  the  window.  The  pulse  height  analysis 
obtained  with  the  detector  set  on  the  peak  of  the  731,553  reflection  of 
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Table  2. 

Data  for  Differential  and  Integral 

Pulse  Height  Analys 

Intensity  (Counts  per  Second) 

Base  Line 

Diffe  rential 

Integral 

V  oltage 

Method 

Method 

0 

2449 

5019 

1 

397 

4587 

2 

80 

3406 

3 

747 

7216 

4 

817 

9781 

5 

6 

9746 

6 

3 

9657 

7 

2 

9490 

8 

7 

9691 

9 

12 

9585 

10 

17 

9770 

11 

56 

9636 

12 

141 

9459 

13 

361 

9306 

14 

631 

8677 

15 

813 

7773 

16 

947 

6601 

17 

1016 

5052 

18 

890 

3381 

19 

619 

2238 

20 

389 

1272 

21 

246 

720 

22 

137 

329 

23 

46 

1 66 

24 

27 

86 

25 

11 

30 

26 

11 

37 

27 

1 

37 

28 

0 

30 

29 

1 

16 

30 

0 

30 

31 

0 

9 

32 

0 

17 

33 

0 

17 

34 

0 

11 

35 

0 

8 

36 

0 
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a  CugQNi20 specimen  with  MoK  x-rays  is  shown  in  figures  4  and  5  and 
table  1.  The  bell-shaped  curve  of  figure  4  clearly  shows  the  statistical 
fluctuation  in  the  pulse  heights.  In  this  case  tie  differential  method 
contains  more  information  than  the  integral  method.  The  very  low 
intensity  at  5,  7,  and  8  volts  is  masked  by  the  statistical  error  in  the 
integral  method. 

Normally  the  baseline  is  set  at  12  volts  and  the  window  at  10  volts, 
which  accepts  approximately  ninety  percent  of  the  MoK  radiation.  The 
pulses  from  0  to  5  volts  are  largely  due  to  electronic  noise.  However 
the  number  of  electronic  noise  pulses  greater  than  the  normal  12  volt 
base  line  is  negligible.  Therefore  electronic  noise  does  not  contribute 
significantly  to  the  non-x  -ray  background. 

The  noise  and  ripple  in  the  high  voltage  supply  to  the  photomultiplier 
tube  contribute  to  the  width  of  the  bell  curve  in  figure  4.  This  is  the 
reason  for  using  the  highly  stable  0.  005  percent  regulation  low  ripple 
(less  than  5  microvolts)  high  voltage  power  supply  for  the  detector. 

The  very  low  intensity  on  either  side  of  the  MoK  peak  (figure  4) 
shows  that  in  this  case  the  x-rays  received  by  the  detector  are  essentially 
monochromatic.  There  are  two  reasons  for  this:  the  filter  effectively 
absorbs  x-rays  with  lower  energy;  and  the  scattering  factor,  a  function 

*  The  notation  CugQNi20^s  used  to  describe  an  alloy  containing  80  atomic 
percent  copper  and  20  atomic  percent  nickel. 
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of  theta,  approaches  zero  for  higher  energy  x-rays  at  the  high  angle 
o 

(49  theta  in  this  case).  Apparently  it  would  be  undesirable  to  use  a 
crystal  monochromator  because  the  increased  monochromatisation  would 
not  offset  the  error  due  to  the  reduced  intensity.  However,  in  figure  6 
the  1011  reflection  from  a  quartz  single  crystal  clearly  shows  a  high 

c 

intensity  of  white  radiation  above  the  zirconium  absorption  edge  at  1 1 
two  theta.  Apparently  a  crystal  monochromator  would  be  useful  here. 

4.  THE  VACUUM  SYSTEM 

The  usual  design  (Forrester,  1961)  of  high  or  low  temperature 
x-ray  diffraction  apparatus  incorporates  one  to  three  windows  each  of 
which  is  crossed  twice  by  x-rays.  In  addition  to  the  problems  of  con¬ 
structing  such  windows  and  the  intensity  loss  they  cause,  the  possibility 
of  non-uniform  absorption  exists.  This  may  arise  through  segregated 
impurities  of  high  atomic  number  or  Bragg  reflection  occurring  at  some 
parts  of  the  window.  Further,  windows  greatly  reduce  the  space  available 
for  devices  such  as  furnaces  and  cryostats,  and  hence  complicate  the 
design.  All  of  these  problems  are  avoided  in  XRAS  by  placing  the  entire 

x-ray  optical  system  in  a  high -vacuum  chamber. 

The  system  described  here  was  designed  to  reach  a  vacuum  of  E-6 
mm  of  Hg.  Not  the  least  significant  reason  for  this  figure  is  the  difficulty 
of  attaining  much  better  vacua.  At  this  pressure,  liquid  nitrogen  con¬ 
sumption  is  less  than  2  litres  per  24  hours  --  which  is  reasonable;  and 
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with  minor  modifications  liquid  helium  operation  should  be  possible. 
Further,  at  E-6  mm  of  Hg  many  materials  remain  sensibly  uncontami¬ 
nated  at  elevated  temperatures. 

Figure  7  shows  the  pressure  vs.  time  curve  for  pumping  down 
the  system.  To  4E-6  mm  of  Hg  ,  the  pressure  falls  by  a  factor  of  ten 
every  two  minutes.  If  pumps  could  be  kept  hot  by  a  suitable  valve 
arrangement,  the  system  could  be  pumped  down  to  4. 5E  -6  mm  of  Hg  in 
about  twenty  minutes.  However,  because  of  diffusion  pump  warm-up 
time,  and  to  avoid  decomposing  the  pump  oil,  approximately  90  minutes 
are  required  to  evacuate  the  system.  Without  the  aid  of  refrigerants, 
getters,  adsorption  agents  or  baking,  the  ultimate  vacuum  measured 
with  a  VEECO  RG  21A  ionization  gauge  is  8E-7  mm  of  Hg.  If  a  leak 
detector  were  available,  it  is  felt  that  the  ultimate  vacuum  could  be 
lowered  to  E-7  mm  of  Hg  by  reducing  the  leak  rate. 

(a)  The  Vacuum  Chamber 

The  vacuum  chamber  is  welded  from  A7  hot  rolled  steel  with  a 
hand -polished  inside  surface.  The  diameter  is  42  inches  and  the  height 
is  58  inches.  The  performance  of  this  system  indicates  that  stainless 
steel  is  not  necessary  for  operation  at  E-6  mm  of  Hg.  Most  metal  joints 
in  the  system  are  welded  but  a  few  are  soldered.  Almost  all  demountable 

seals  are  made  with  neoprene 'O  1  rings. 

The  steel  bell  jar  can  be  raised  about  38  inches  above  the  table 
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top.  With  the  bell  jar  raised, the  entire  x-ray  optical  system  can  be 
placed  in  or  taken  from  the  chamber  as  a  single  unit.  For  minor 
operations  such  as  changing  specimens,  slits,  x-ray  tubes,  etc.  ,  access 
is  usually  gained  through  a  14  inch  porthole  in  the  table.  (A  15  inch 
porthole  would  call  for  less  dexterity.)  The  available  floor  space  (9  feet 
x  13  feet)  dictated  the  use  of  a  vertical  chamber:  however  a  horizontal 
vacuum  chamber  using,  say,  6  foot  diameter  hemispheres  would  be 
cheaper,  more  flexible,  versatile  and  convenient. 

A  number  of  difficulties  arose  with  the  large  diameter  (42  inch) 
seal  between  the  bell  jar  and  the  table  top.  'O'  rings  of  this  diameter 
are  made,  at  least  by  one  manufacturer,  by  vulcanizing  'O’  rings  cord. 
However,  the  tolerances  on  both  the  cord  and  the  vulcanized  joint  were 
so  poor  that  no  measureable  vacuum  was  obtained.  The  problem  was 
solved  by  cutting  a  0.  375  inches  wide  strip  from  0.  375  inches  thick 
neoprene  sheet  and  vulcanizing  the  joint.  These  'O'  rings  (which  are 
actually  gaskets)  are  adequate  at  pressures  of  E-6  mm  of  Hg.  Two  seals 
are  used,  and  a  space  between  the  rings  can  be  evacuated  to  E-2  mm  of 
Hg.  However,  evacuating  between  these  seals  does  not  affect  the 
measured  vacuum  in  the  chamber,  which  indicates  hat  the  seals  have  a 
very  slow  leak  rate. 

(b)  Cryostat  and  Furnace  Design 

The  cryostat  and  furnace  design  are  shown  in  figure  8.  The 
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Figure  8.  Cryostat  and  Furnace  Design 
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outside  of  the  assembly  is  under  vacuum  and  the  inside  of  the  two  litre 
flask  is  at  atmospheric  pressure.  Liquid  nitrogen  is  added  from  the  top, 
through  1  inch  stainless  steel  pipe.  A  double  'O'  ring  rotating  seal  allows 
the  cryostat  to  rotate  relative  to  the  vacuum  chamber  as  the  scattering 
angle  is  varied.  However,  the  axis  of  this  rotation  must  pass  through 
the  centre  of  the  rotating  'O'  ring  seal  if  stresses  on  the  cryostat,  which 
could  alter  the  specimen  alignment,  are  to  be  avoided.  Therefore  the 
complete  x-ray  optical  system  must  be  aligned  with  the  vacuum  chamber. 

A  section  of  flexible  copper  tubing  between  the  2  litre  flask  and  the 
rotating  'O'  ring  seal  permits  some  variation. 

(c)  Alignment  of  Diffractometer 

The  alignment  procedure  was  adopted  from  Parrish  and  Lowitzsch 
(  1959).  The  method  utilizes  a  set  of  precisely  machined  jigs.  First, 
the  diffractometer  is  set  in  a  slide  with  the  desired  take-off  angle 
(5°  in  XRAS)  at  the  correct  distance  (185  mm  in  XRAS)  from  the  x-ray 
tube.  This  slide  permits  the  x-ray  tube  focal  spot,  the  divergence  slit 
and  the  diffractometer  axis  to  be  precisely  aligned,  while  the  take-off 
angle  and  focal  spot  to  specimen  distance  are  maintained.  The  0.  00 
scattering  angle  is  set  at  the  position  where  the  maximum  intensity  is 
measured  by  the  detector.  It  is  doubtful  that  this  setting  is  more  accurate 
than  0.  01°  two  theta.  The  error  limits  the  accuracy  of  all  angular 
measurements,  and  is  in  no  way  avoided  by  the  usual  extrapolation  methods. 
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Three  leveling  screws,  which  support  the  cryostat,  are  used  to 
adjust  the  specimen  support  to  the  desired  height,  and  place  the  specimen 
mounting  surface  parallel  to  the  diffraclo meter  axis.  The  latter  axis  is 
adjusted  with  the  aid  of  a  machine  square. 

The  2:1  angular  relationship  between  specimen  and  detector,  and 
specimen  eccentricity  adjustments  are  made  with  a  jig  that  just  touches 
the  outside  of  both  slit  assemblies  when  the  detector  is  set  to  0.  00°  two 
theta.  In  making  this  adjustment  the  cryostat  is  moved  relative  to  the 
diffractometer.  The  lock  screws  are  set  so  that  the  movement  is  firm 
but  avoids  the  'stick  and  slip'  condition.  When  the  desired  position  is 
obtained,  the  lock  screws  are  tightened.  In  tightening  the  lock  screws 
no  stresses  occur  which  could  alter  foe  alignment. 

When  the  vacuum  chamber  is  evacuated,  the  1  inch  thick  steel 
table  top  is  deflected  upwards  about  0.  1  inches  by  atmospheric  pressure. 

If  the  x-ray  tube  and  diffractometer  were  mounted  directly  on  the  table 
top,  this  deflection  would  destroy  the  alignment  of  the  x-ray  tube  relative 
to  the  diffractometer.  The  problem  is  overcome  by  mounting  the  complete 
x-ray  optical  system  on  a  24  inch  diameter  1  inch  thick  steel  plate  supported 
by  three  legs  (figure  3  ).  The  deflection  moves  the  entire  optical  system 
but  does  not  disturb  its  alignment.  The  rotating  'O'  ring  seal  and  the 
flexible  copper  tubing  (figure  8)  permit  some  movement  between  the 
optical  system  and  the  vacuum  chamber. 
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(d)  Scintillation  Counter 

If  the  scintillation  counter  is  operated  in  vacuum  the  preamplifier 
tube  (6U8A)  fails  in  approximately  three  hours  because  of  inadequate 
cooling.  Therefores  the  detector  assembly  is  mounted  in  a  steel  box 
(figure  9)  through  which  compressed  air  is  blown  to  provide  the  necessary 
cooling.  Flexible  copper  tubing,  which  carries  the  compressed  air  and 
electrical  leads  to  the  detector,  is  connected  to  rotating  'O'  ring  seals 
in  the  top  flange  of  the  vacuum  chamber  to  permit  the  detector  to  rotate 
with  the  scan.  X-rays  are  admitted  to  the  detector  through  a  0.005  inch 
beryllium  window  sealed  to  the  box  with  an  'O'  ring.  With  this  arrange¬ 
ment,  the  non -x-ray  background  is  about  5  counts  per  minute  with  the 
differential  pulse  height  analyzer  set  to  pass  90  percent  of  CuK  or  MoK 
x-rays.  It  is  believed  that  thermoelectric  cooling  would  reduce  detector 
noise  and  permit  the  detector  to  be  used  for  much  longer  wavelengths 

(e)  High  Voltage  Lead  to  the  X-ray  Tube 

The  most  difficult  problem  encountered  in  operating  the  entire  x-ray 
optical  system  in  vacuum  was  caused  by  the  high  potential  applied  to  the 
x-ray  tube.  At  pressures  less  than  atmospheric  but  greater  than  E-5 
mm  of  Hg .  arcing  activated  protective  circuits  that  turned  off  the  x-ray 
generator.  In  addition  to  the  inconvenience,  ftiis  is  a  serious  disadvantage 
because  it  is  very  difficult  to  reset  the  x-ray  generator  to  its  previous 


intensity. 


Elec  trical 
Leads 
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Figure  9.  Detector  Housing  Design 
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The  problem  was  solved  by  making  the  high  voltage  connection  in 
air  outside  the  vacuum  (figures  1  and  10).  This  seal  can  be  extended 
about  12  inches  and  deflected  about  20°  in  any  direction.  This  permits 
the  optical  system  to  be  aligned  with  the  top  rotating  'O'  ring  seal  inde¬ 
pendently  of  the  high  voltage  connection.  Because  of  air  pressure  the 
seal  must  be  clamped  in  position  after  the  optical  system  has  been 
aligned.  Compressed  air  blown  into  the  connection  cools  the  x-ray  tube 
and  'O'  ring  seals. 

5.  AUTOMATIC  STEP  SCANNING  SYSTEM 

Manual  step  scanning  has  been  used  for  several  years  for  precision 
intensity  measurements  in  x-ray  diffract  ion.  In  this  method  the  operator 
sets  the  desired  scattering  angle  and  time  interval.  At  the  end  of  the 
set  time  interval,  the  angle  and  the  number  of  counts  accumulated  are 
written  in  a  note  book.  The  cycle  is  then  repeated  for  a  new  angle. 

The  monotonous  character  of  this  tedious  task  encourages  operator 
mistakes;  and  the  numerical  analysis  of  the  recorded  data  is  equally 
tedious  and  time-consuming.  Many  advantages  are  gained  by  performing 
the  step  scanning  operation  automatically:  the  angLe  is  set  more  precisely; 
the  accumulated  count  is  recorded  faster  and  with  much  great ei  relia¬ 
bility.  Once  the  equipment  is  started  an  operator  is  no  longer  needed, 
and  therefore  24  hours  per  day  operation  is  possible  instead  of  the  usual 
five  hours  per  day.  The  most  important  advantage  is  tne  convenience 


. 


Atmospheric  Pressure  on  this  side 
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Figure  10.  High  Voltage  Connection  to  X-ray  Tube 
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that  encourages  precision  work. 

With  commercially  available  equipment  step  scanning  is  used  as 
a  last  resort,  but  with  the  equipment  described  here  step  scanning  is  used 
as  a  matter  of  routine.  Data  recorded  directly  on  IBM  cards  are  quickly 
processed  by  computer  (IBM  1620)  with  high  precision  and  few  mistakes; 
and  the  experimenter  has  time  to  concentrate  on  the  design  and  interpre¬ 
tation  of  experiments. 

(a)  Design  Basis 

The  design  of  an  automatic  step- scanning  system  must  start  with 
the  selection  of  the  counter,  the  diffractometer  drive  motor,  and  the 
recording  medium  (e.g.  IBM  cards).  Then  these  components  must  be 
integrated  to  form  a  complete  system. 

When  XRAS  was  designed  in  I960,  the  Beckman  7061  was  one  of 
the  few  counters  available  with  readout.  This  counter  uses  electronic 
tubes  and  provides  a  1  -2-2-4  BCD  (binary  coded  decimal)  high  impedance 
(5  megohms)  readout.  The  transistorized  counters  currently  available 
with  low  impedance  (10k.)  readout  would  permit  a  simpler  design. 

A  Slo-Syn  stepping  motor  (American  Superior  Electric  Model 
SS250)  driven  at  100  steps  per  revolution  was  selected  because  it  is 
basically  a  digital  device  and  compatible  with  the  rest  of*the  system. 
Further,  the  author  is  not  familiar  with  the  design  and  operation  ol 
servomechanisms.  Various  ratchet  or  indent  mechanisms  appear  to 
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be  unreliable  and  slow;  Geneva  gear  systems  show  promise,  but  it  was 
felt  that  their  development  would  take  too  long. 

The  original  recording  medium,  perforated  paper  tape  (PPT),  was 
selected  because  of  its  low  cost  and  common  usage.  However  PPT  has 
all  the  disadvantages  of  old  parchment:  it  is  awkward  to  read,  store 
and  modify.  In  addition  it  is  not  compatible  with  many  modern  computers 
and  is  intolerably  slow.  IBM  cards  are  similar  to  books:  they  are 
easy  to  read  store  and  modify.  XRAS  is  the  first  x-ray  diffraction 
system  to  record  data  directly  on  IBM  cards  and  all  x-ray  diffraction 
systems  described  in  the  literature  use  PPT  (Abrahams  1962). 

The  years  of  intensive  research  and  development  in  computers  can 
be  used  to  advantage  in  designing  a  digital  system  such  as  XRAS.  It 
is  not  necessary  to  understand  in  detail  the  operation  of  circuits  such 
as  flip-flops,  gates,  diodes  matrices,  etc.  ,  but  only  their  function  and. 
input-output  characteristics.  Thus  it  is  not  necessary  to  be  an  electronics 
expert  to  design  large  digital  systems  —  a  fact  recognized  by  computer 
manufacturers. 

The  incredible  reliability  of  components  necessary  for  operation 
of  a  large  system  is  not  generally  appreciated.  For  example,  a  system 
with  E  +  6  components  each  of  which  has  a  failure  rate  of  one  in  E  +  6  would 
probably  never  perform  ten  consecutive  operations  without  a  failo.re  . 
Therefore  marginal  operation  cannot  be  tolerated  in  a  large  digital 


system.  In  XRAS  the  signal  to  noise  ratio  in  dighal  circuits  is  usually 
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100:1  ;  that  is,  if  a  signal  pulse  is  10  volts,  noise  pulses  are  0.  1  volts 
or  less.  After  one  year  and  some  E  +  7  operations  only  three  transistors 
have  failed  out  of  a  total  of  200  transistors  and  1000  diodes.  This  demon¬ 
strates  the  high  reliability  of  the  system. 

(b)  Counter  Readout 

This  is  the  problem  of  transferring  the  counter  reading  (the  number 
of  counts  accumulated  in  a  fixed  time)  to  a  recording  medium  such  as  IBM 
cards.  The  7061  counter  used  in  XRAS  has  a  1-2-2-4  BCD;  for  each 
decimal  digit  there  are  four  output  wires  which  possess  levels  of  -15 
volts  or  more  negative  to  signify  a  binary  zero,  and  levels  of  0  volts  or 
positive  to  signify  a  binary  'one1.  The  code  is  shown  in  detail  in  table  3 
and  the  pin  numbers  on  the  output  plug  of  the  7061  are  shown  in  table  4. 
This  code  is  not  convenient  to  drive  an  IBM  card  punch  nor  does  it  have 
sufficient  power. 

At  this  point  it  is  necessary  to  select  a  'code'  to  be  used  for  re¬ 
cording.  The  choice  is  not  arbitrary;  typewriters,  card  punches  and 
printers  use  a  decimal  code;  perforated  paper  tape  punches,  digital 
magnetic  tape,  and  ferrite  core  storage  usually  use  a  BCD  1 -2-4-8  code. 

A  pure  binary  code  which  is  used  in  many  large  computers  (IBM  7040, 

7070,  and  7090)  is  difficult  to  convert  to  any  decimal  code  and  vice  versa. 

> 

However,  any  code  based  on  the  decimal  system  can  easily  be  obtained 
from  a  pure  decimal  code  by  a  simple  diode  circuit,  which  can  be  quickly 
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built  for  a  few  dollars.  Circuits  to  convert,  for  example,  BCD  to  most 
other  decimal  based  codes  involve  months  of  work  and  hundreds  of  dollars. 
Considering  the  rapid  obsolesence  of  digital  equipment,  the  flexibility  of 
a  decimal  code  is  an  important  advantage. 

Table  3.  Four -Line  Binary  Code 

In  the  tabulation,  a  'O'  represents  a  negative  potential  of  15  volts 
or  more  with  respect  to  ground;  a  '1'  represents  a  potential  at  ground 
level  or  positive  with  respect  to  ground. 


Decimal 

First 

Second 

Third 

F  ourth 

digit 

binary 

binary 

binary 

binary 

registered 

stage 

stage 

stage 

stage 

0 

1 

2 

3 

4 

5 

6 

7 

8 
9 


0 

1 

0 

1 

0 

1 

0 

1 

0 

1 


0 

0 

1 

1 

1 

1 

0 

0 

1 

1 


0 

0 

0 

0 

1 

1 

1 

1 

1 

1 


0 

0 

0 

0 

0 

0 

1 

1 

1 
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Table  4 .  Identification  of  Pin  Numbers  on  Digital  Recorder  Socket 
Table  4  gives  the  pin  numbers  on  the  Digital  Recorder  socket  for 
the  four  binary  lines  of  each  decimal  digit  position. 


Order  of  digit 
read 

F  irst 

binary 

stage 

Second 

binary 

stage 

Third 

binary 

stage 

F  ourth 
bina ry 
stage 

Highest 

105 

Pin  4 

Pin  3 

Pm  2 

P  in  1 

Second 

104 

8 

7 

6 

5 

Third 

103 

12 

11 

10 

9 

F  ourth 

102 

16 

15 

14 

13 

Fifth 

101 

20 

19 

18 

17 

Sixth 

10° 

24 

23 

22 

21 

NOTE:  Pin  39  carries  a  control  signal  from  the  counter.  This  pin  is 
negative  during  the  display  period  and  positive  from  reset  until  the  end 
of  the  next  counting  period. 

Pin  40  is  the  'inhibit  reset'  line.  When  this  pin  is  grounded  the 
counter  cannot  reset. 

The  circuits  developed  to  convert  the  1 -2-2-4  BCD  7061  output 
to  a  decimal  code  are  shown  in  figure  11.  Each  7061  BCD  output  is  fed 

a 

to  a  binary  gate  with  two  outputs.  These  outputs  have  two  configurations 
0  and  +12  or  +12  and  0  volts.  Using  fee  notation!  to  mean  'not  1',  one 
can  imagine  the  BCD  code  is  now  in  fee  form  1  - 1-2-2-2-2-4-4.  The 
decimal  conversion  of  this  code  is  given  in  table  5.  The  code  is  simply 
converted  to  a  decimal  code  by  the  8x10  diode  matrix  shown  in  figure  1  1. 


i 
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Table  5.  Matrix  for  1  -  1  - 2 -2 -2 -2 -4 -4  to  Decimal  Conversion 


8  Line 

Binary  Decimal  Digit  Represented 

Code 


1 

2 

3 

4 

5 

6 

7 

8 

9 

0 

1 

+ 

+ 

+ 

+ 

+ 

1 

+ 

+ 

+ 

+ 

+ 

2 

+ 

+ 

+ 

+ 

4* 

+ 

2 

+ 

+ 

+ 

+ 

2 

+ 

+ 

+ 

+ 

+ 

+ 

2 

+ 

+ 

+ 

+ 

4 

+ 

+ 

+ 

+ 

4 

+ 

+ 

+ 

+ 

+ 

+ 

In  the  matrix ,  diodes  are  placed  exactly  as  the  '+'  in  table  6.  The 


operation  of  the  matrix  can  be  understood  by  the  following  example: 
when  the  decimal  1  is  input  the  1,  2,  2 ,  4  condition  lines  are  held  at 
+  12  volts  (Ik)  and  the  1,  2,  2,  4  condition  lines  are  held  nearly  at 
ground  potential  (22  ohms).  The  interrogating  pulse  comes  in  on  the  10 
load  lines  through  a  22k  resistors.  On  the  1  load  lines,  the  diodes 
are  held  at  +12  volts  by  the  binary  gates  and  allow  the  interrogating 
pulse  to  pass  without  reducing  its  pulse  height.  However  on  the  2 
load  line  with  diodes  at  I,  2,  2.  4  the  T  and  2  diodes  are  held  near 
ground  potential.  Thus  the  22k  load  resistor  and  22  ohm  grounding 
resistor  in  the  binary  gate  act  as  a  voltage  divider  and  a  pulse  of  some 
10  millivolts  appears  on  the  '2'  load  line.  A  similar  situation  occurs 


on  the  remaining  8  load  lines. 


Thus,  when  the  gates  are  in  (he  BCD 
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Figure  11.  BCD  to  Decimal  Converter  Circuit 


1 -2-2-4  configuration, the  interrogating  pulse  is  transmitted  only  by  the 
'  1  *  line.  In  this  way  the  BCD  code  is  converted  to  a  decimal  code.  All 
timing  problems  with  exception  of  the  interrogating  pulse  are  avoided 
because  the  system  is  essentially  static. 

(c)  IBM  Punch  Drive 

The  pulses  from  the  8x10  diode  matrices  are  fed  to  10  Schmitt 
triggers ,  one  for  each  decimal  number,  which  output  only  when  their 
input  exceeds  +6  volts.  These  circuits  amplify  and  shape  the  pulse  and 
eliminate  any  noise  that  might  have  developed.  Each  Schmitt  drives  a 
three -transistor  amplifier  (1  amp  40  volts  output),  called  a  solenoid 
driver.  The  solenoids,  which  are  mounted  in  a  frame  over  the  keyboard 
of  the  IBM  26  card  punch,  mechanically  activate  the  keys.  The  card 
punch  can  be  used  in  the  normal  manner  by  simply  lifting  off  the  solenoid 
frame.  The  high  reliability  of  the  solenoids  is  perhaps  surprising.  In 
three  months  of  continuous  operation  one  malfunction  occurred  and  this 
was  caused  by  dirt. 

(d)  Timing  the  Readout  Cycle 

At  this  stage,  the  problem  is  reduced  to  one  of  timing  the  interro¬ 
gating  pulses  (starting,  stopping,  and  pulse  distribution).  The  timing 
sequence  for  a  readout  cycle  in  XRAS  is  shown  in  figure  12  by  the 
waveforms  at  a  number  of  points  in  the  circuit.  The  readout  cycle  is 
started  by  a  signal  from  the  706  1  on  pin  39  when  the  preset  time  interval 
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has  elapsed.  The  signal  turns  'on'  flip-flop  1(FF1)  which  grounds  pin 
40  of  the  7061  in  order  to  inhibit  the  counter  until  the  readout  is  complete, 
and  at  the  same  time  turns  on  a  square  wave  generator  which  provides 
the  'timing'  of  the  readout  cycle.  The  negative -going  edge  of  the  square 
wave  fires  a  'one  shot'  (5  millisecond  pulse  width  when  used  with  a  card 
punch)  which  forms  the  interrogating  pulses.  The  positive -going  edge  of 
the  square  wave  sets  the  flip-flops  which  condition  tie  10  x  32  matrix. 
Thus  the  pulses  from  the  one  shot  appear  sequentially  on  the  32  output 
wires  of  the  10  x  32.  The  first  output  pulse  from  the  10  x  32  is  PI, 
the  second  P2,  etc.  Pulse  PI  interrogates  the  8x10  matrix  for  the 
10  digit  of  7061.  Pulses  P2  to  P6  interrogate  the  10^  to  10^  digits. 

Pulse  P7  is  not  used,  but  its  period  is  used  by  the  punch  to  skip  one 
column  and  separate  the  706 1  reading  from  the  angle  counter  reading 
on  the  IBM  card  (see  figure  14).  Pulses  P8  to  P12  interrogate  the 
angle  counter  8  x  10  matrices.  Pulse  P13  punches  a  zero,  for  con¬ 
venience;  pulse  P16  advances  the  angle  counter  by  one  count;  pulse 
P17  advances  the  stepping  motor  one  step.  Pulse  P32  turns  off  FF1, 
which  stops  the  square  wave  generator  and  releases  pin  40  of  the  7  061 
from  ground.  This  enables  the  7061  to  begin  the  next  observation.  The 
output  pulses  from  the  10  x  32  that  are  not  used  at  present  are  available 
for  equipment  modifications. 

The  layout  of  the  timing  and  pulse  distribution  circuits  is  shown 
in  figure  13.  The  schematics  for  the  flip-flops,  square  wave  generator, 
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Figure  13.  Schematic  of  Pulse  Timing  and  Distribution  Circuit. 
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Figure  14.  Example  of  a  Data  Card 
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one  shot  and  emitter  followers  is  given  in  figure  15.  The  emitter 
followers  designed  by  the  author  have  useful  characteristics.  The 
emitter  followers  that  condition  the  matrix  have  a  very  low  resistance 
(about  10  ohms)  when  'on'.  This  heavily  grounds  signals  through  the 
diodes  where  necessary  and  provides  a  high  signal-to-noise  ratio  on 
the  output  from  the  10  x  32  matrix.  The  emitter  followers  that  amplify 
the  interrogating  pulse  provide  a  very  low  impedance  pulse  (20  ohms) 
to  the  load  line  with  a  low”  current  drain  (3. 3k.)  in  the  standby  state. 

One  of  the  important  advantages  of  this  readout  system  is  the 
ease  with  which  the  readout  rate  (characters  per  second)  can  be  varied. 
By  simply  varying  the  frequency  of  the  square  wave  generator  the 
readout  rate  can  be  varied  from  0.5  to  50,000  characters  per  second. 

The  pulse  width  of  the  one  shot  must  be  adjusted  for  each  application 
by  changing  one  capacitor.  Thus  the  system  can  drive,  with  few  modi¬ 
fications,  almost  any  digital  output  device,  such  as  a  typewriter,  perfor¬ 
ated  paper  tape  punch,  card  punch,  and  digital  magnetic  tape  recorder. 

6.  EVALUATION  OF  THE  PERFORMANCE  OF  XRAS 

An  x-ray  diffraction  system  measures  the  diffracted  intensity 
of  a  small  volume  of  reciprocal  space.  The  performance  of  such  a 
system  can  be  evaluated  by  considering  the  accuracy  and  precision  of 
measuring  the  location  of  this  volume  in  reciprocal  space  and  the  inten¬ 
sity.  In  XRAS  the  volume  is  located  by  specif  mg  the  scattering  angle. 
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The  accuracy  and  precision  of  the  scattering  angle  measurement  were 
determined  by  a  lattice  parameter  measurement  of  nickel;  and  the 
accuracy  of  intensity  measurements  was  assessed  by  an  analysis  of  the 
731-553  reflection  from  nickel. 

(a)  Lattice  Parameter  of  Nickel 

The  results  of  six  determinations  of  the  lattice  parameter  of 
nickel  are  listed  in  table  6.  The  specimen  used  in  run  42  was  a  powder 
compact  prepared  by  compressing  Sherritt  Gordon  nickel  powder  (99.9 
percent  nickel)  to  30,000  psi  and  annealing  at  550  C.  The  specimen 
was  mounted  in  a  split  clamp,  and  both  clamp  and  specimen  were 
polished  on  a  diamond  lap  to  a  mirror  finish.  The  surface  was  etched 
slightly  with  a  solution  containing  50  percent  nitric  acid  and  50  percent 
acetic  acid  by  volume.  The  specimen  used  in  runs  112  and  113  was  made 
by  cold-worked  Inco  electrolytic  nickel  (99.5  percent  nickel)  by  ham¬ 
mering.  The  surface  was  again  polished  and  etched.  In  runs  127  and 
130  this  specimen  was  annealed  at  E-7  mm  of  Hg  in  a  high-frequency 
furnace  at  approximately  650  C  and  repolished.  In  runs  134  and  13? 
the  specimen  from  runs  12  7  and  130  was  reduced  in  thickness  by  20 
percent  by  rolling,  and  then  repolished.  The  surface  roughness  of  the 
specimens  appears  to  be  of  the  order  of  micro -inche s . 

The  locations  of  the  peak  intensities  of  the  molybdenum 
and  K  ?  Bragg  reflections  in  the  range  25  to  3  3  thefa  were  taken  as 
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the  Bragg  angles.  This  is  done  very  quickly  with  digital  data  and  is  not 
arbitrary.  The  lattice  parameter  is  determined  by  a  Nelson-Riley 
extrapolation,  performed  by  the  Fortran  program  shown  with  the  input 
data  on  page  56;  and  the  output  data  is  shown  on  page  57.  The  extrapol¬ 
ated  value  is  found  by  a  least  square  analysis  that  is  carried  out  with 
the  Fortran  program  shown  on  page  119.  The  output  from  run  42  shown  on 
page  57  yields  a  lattice  parameter  of  3.5235658A,  with  standard  devi¬ 
ation  of  0.0000018A.  The  slope  of  the  extrapolation  is  0.0023A. 

The  lattice  parameter  of  the  annealed  specimens  determined 
from  runs  42  and  127  is  3.5236A  at  298  K±  IK.  The  difference  between 

o 

the  lattice  parameters  from  the  two  runs  is  only  0.00004A.  The  correc¬ 


tion  for  refraction  would  increase  the  lattice  parameter  to  3.5237A. 

o 

This  is  in  good  agreement  with  Pearson's  (1958)  value,  3.5237A,  which 
indicates  that  the  accuracy  of  angular  measurements  in  XRAS  is  high. 
The  precision  of  the  results  is  emphasized  by  the  small  value  of  the 
standard  deviation.  If  higher  angle  reflections  were  used  the  standard 
deviation  would  presumably  be  even  smaller. 
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Table  6.  Lattice  Parameter  Results 


Slope  (A) 

Run 

T  emp. 

Paramete  r 

Std.  Dev. 

Condition 

0.  OOZ 

4Z 

300 

3. 5Z35658 

Z 

E-6 

Annealed 

0. 0008 

1Z7 

300 

3. 5Z36057 

5 

E-6 

Annealed 

0. oooz 

Thermal 

130 

expansion 

77 

3.5149968 

0. 0087089 

9 

E-7 

Annealed 

0. 0004 

11Z 

300 

3. 5Z48818 

7 

1 

00 

Cold  Worked 

0.0004 

Thermal 

113 

expansion 

77 

3. 51177674 
0.0071144 

Z 

E-6 

Cold  Worked 

0.0005 

134 

300 

3. 5Z47801 

1 

E-7 

Cold  Worked 

0.0013 

The  rmal 

135 

expansion 

77 

3.5169277 

0. 00785Z4 

Z 

E-7 

Cold  Worked 

The  lattice  parameter  of  the  cold  worked  specimens  is  about 
0.03  percent  larger  than  the  lattice  parameter  of  the  annealed  specimens. 
If  the  effect  is  real,  it  implies  that  the  presence  of  vacancies  and  dislo¬ 


cations  has  increased  the  lattice  parameter.  However  a  change  in  the 
profile  of  the  reflection  caused  by  cold  work  could  shift  the  location  of 
the  peak  intensity  without  shifting  the  centroid  of  the  reflection.  Then 
it  could  be  argued  that  the  effect  is  not  real.  However  the  fact  that  the 
linear  thermal  expansion  is  different  for  the  cold  worked  specimens 
suggests  that  the  effect  is  real. 

The  accuracy  of  the  results  is  limited  by  the  accuracy  in  setting 
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..I  J.GOLDAK  LATTICE  PARAMETER 
..LOAD  FORTRAN  EXECUTE  DUMP 
10  FORMAT ( 41 2 *2XF7. 3 ) 

12  FORMAT ( 2F20. 10 ) 

1  READ  10*1  * J*K*L*S 
WL 1=0. 70926 
WL2=0. 713543 

Sl=3. 14159265*S/360. 

S=S IN( SI ) 

C=COS( SI ) 

X=J*J+K#K+L*L 
SS=S*S 
SX=SS/X 
IF (  I )2>2*  3 

2  WL=WL2 
GO  TO  4 

3  W  L  =  WL 1 

7  FORMAT ( 3F20. 10  ) 

4  D=0.25*WL*WL/SX 

D=  SOR  T ( D) 

R=0.5*C*C*( 1.0/S+1.0/S1 ) 
PUNCH  1 2  *  R  *  D 
GO  TO  1 
END 
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47 
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3 
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.98 

3 

3 

3 
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4 
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69 
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4 
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1 
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3 

1 

73 

.03 

5 

3 

1 

73 
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1 

6 

0 
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6 

0 
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6 

2 

0 
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6 

2 

0 
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5 

3 

3 

82 
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5 

3 

3 

83 
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1 

6 

2 

2 

83 

.70 

6 

2 

2 
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1 

4 

4 

4 

88 

.34 

4 

4 

4 

89 

.05 

1 

5 

5 

1 

91 

.86 

5 

5 

1 

92 
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1 

6 

4 

0 

92 
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6 

4 

0 
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1 

6 

4 

2 

97 
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6 

4 

2 

98 
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1 

5 

5 

3 
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5 

5 

3 
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the  zero  scattering  angle.  This  is  at  least  as  great  as  the  errors  in 
machining  the  gear  drive  --7  seconds  of  arc.  The  accuracy  is  further 
limited  by  the  error  in  reading  the  starting  angle  of  each  scan  and  in 
measuring  the  specimen  temperature,  A  temperature  change  of  IK 

o 

causes  a  change  of  0*000044A  in  the  lattice  parameter  of  nickel  at  300K. 

The  standard  deviation  suggests  that  fhe  precision  of  the  data 
is  somewhat  greater  than  the  accuracy.  Therefore  relative  measure¬ 
ments  of  higher  precision  are  conceivably  useful.  The  runs  at  77K  and 
300K  permit  a  calculation  of  the  linear  thermal  expansion  of  nickel.  The 
average  expansion  for  runs  112-113,  127-130,  and  134-135  is  0.0079 
per  K,  which  is  in  good  agreement  with  the  value  of  0.0077  obtained  by 
Nix  and  McNair  (1941)  by  a  dilatometric  melhod.  None  of  the  three 
values  differs  by  more  than  10  percent  from  Nix  and  McNair's  value. 
This,  combined  with  the  fact  that  the  slope  of  the  extrapolation  does 
not  change  greatly,  suggests  that  the  alignment  is  not  seriously  altered 
by  cooling  the  specimen  to  liquid  nitrogen  temperatures.  Further,  the 
small  value  of  the  standard  deviation  suggests  that  the  extrapolation  has 
not  neglected  angle -dependent  factors. 

It  is  necessary  to  emphasize  that  neither  XRAS  nor  the  experi¬ 
mental  technique  used  to  determine  the  lattice  parameter  of  nickel  was 
designed  specifically  for  precise  lattice  parameter  determinations. 

The  precision  obtained  is  entirely  a  by-product  of  the  care  taken  to 
obtain  precision  intensity  measurements. 


(b)  The  Precision  of  Intensity  Measurements 


The  intensities,  corrected  for  Lorentz-polarization  and  the 
variation  in  scattering  factor  with  angle,  from  eight  scans  of  the  nickel 
731-553  reflection  at  300K  are  listed  in  table  7.  The  values  are  taken 
from  data  from  runs  100  to  103  and  from  108  .to  111  given  in  appendix 
II  .  The  average  value  and  the  standard  deviation  associated  with  each 
intensity  are  included.  The  scans  were  completed  within  a  three  day 
interval. 


Table  7.  Intensities  Associated  with  the  731-553  Reflection 


Run 

number 

T  otal 

integrated 

intensity 

Intensity 
at  49. 62 
theta 

Background 
at  49. 875° 
theta 

Background 
at  52.87° 
theta 

100 

512.516 

33.555 

32.418 

29.406 

101 

510. 660 

32.852 

31.800 

29.951 

102 

509. 614 

32.564 

30.963 

29.055 

103 

510.014 

33.242 

32.953 

29.365 

108 

514.711 

32. 666 

32.053 

29.772 

109 

513.856 

32.962 

32,703 

29. 147 

110 

509.299 

31,929 

30.992 

28.830 

111 

520.030 

32,437 

32,868 

30.651 

Average 

510.093 

33. 136 

31.979 

29.374 

Std.  Dev. 

2.2 

0,040 

0.16 

0.088 

Percent 

0.43 

0.  12 

0.5 

0.3 

Std.  Dev. 

The  first  value  in  table  7  is  the  integrated  intensity  for  49.750 
o  o  o 

to  52.999  theta.  The  second  value  is  the  intensity  from  49 .  500  to  49,749 
theta.  The  third  and  fourth  values  are  the  background  intensities  measur- 

O  o  o 

ed  between  49 . 750  and  49 •  999  and  between  52.750  and  52.999  theta 
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respectively. 

The  standard  deviations  range  from  0.  12  percent  to  0.50  percent 
with  an  average  value  of  0.34  percent.  Considering  that  the  statistical 
error  caused  by  the  finite  number  of  photons  counted  has  not  been  elimi¬ 
nated,  these  results  verify  the  original  estimate  that  intensity  measure¬ 
ments  with  a  precision  approaching  0.  1  percent  are  possible. 

(c)  Summary 

Lattice  parameters  can  be  measured  from  data  from  XRAS  with 

O 

accuracy  of  the  order  of  0.0001A  and  probably  some  what  greater  pre¬ 
cision.  The  precision  of  intensity  measurements  approaches  0.1  percent. 
Further,  such  high  precision  measurements  can  be  made  more  conveniently 
with  XRAS  than  routine  measurements  with  commercially  available  apparatus. 
Except  ,  possibly,  for  the  lack  of  a  crystal  monochromator,  it  is  believed 
that  in  XRAS  the  main  object  of  this  thesis  'the  design,  construction  and 
operation  of  an  x-ray  diffraction  system  (XRAS)  to  provide  the  best  data 
possible  within  the  imposed  limits  of  time  ,  financial  resources,  and 
technological  facilities',  has  been  accomplished. 


. 
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PROCESSES  OF  X-RAY  SCATTERING 

The  processes  of  x-ray  scattering  of  interest  in  x-ray  diffrac¬ 
tion  are: 

1.  Fluorescent  scattering 

2.  Compton  scattering 

3.  Coherent  scattering 

In  order  to  isolate  one  effect  it  is  necessary  to  be  able  to  identify  and 
eliminate  the  others.  This  is  the  most  uncertain  part  of  this  study.  In 
the  following  paragraphs  the  characteristics  of  the  various  types  of 
scattering  are  discussed. 

1.  FLUORESCENT  RADIATION 

If  the  incident  x-ray  beam  contains  photons  of  sufficient  energy 
to  excite  atoms  in  the  specimen,  characteristic  (K,  L,  M,  etc.)  radia¬ 
tion  can  be  emitted  from  the  atoms  as  they  return  to  their  normal  state. 
Such  radiation  is  unpolarized  and  uniformly  distributed  in  all  directions. 
The  fluorescence  yield  (the  ratio  of  the  number  of  atoms  which  emit  Q 
radiation  to  the  number  of  atoms  from  which  Q  electrons  have  been 
ejected)  increases  with  atomic  number,  and  approaches  unity.  Rescat¬ 
tered  fluorescent  radiation  is  related  to  crystal  orientation  (James  1958 
p.439). 

In  XR AS ,  the  effect  of  fluorescent  radiation  when  MoK  radiation 


and  nickel  specimens  are  used  is  negligible.  As  only  NiK  radiation 
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has  significant  energy  compared  to  MoK,  L  and  M  radiation  need  not 
be  considered.  The  ratio  of  MoK  to  NiK  transmitted  by  the  zirconium 
filter  is  about  2000.  Further,  the  pulse  height  analyzer  rejects  most 
NiK  pulses.  The  above  contention  was  verified  by  using  a  copper  x-ray 
tube,  nickel  specimen,  and  zirconium  filter.  The  pulse  height  analyzer 
was  set  to  pass  90  percent  of  the  MoK  intensity.  The  intensity  observed 
was  of  the  order  of  1  count  per  second  for  the  Ni  111  reflection  using 
CuK  radiation  which,  with  a  nickel  filter  and  the  pulse  height  analyzer 
set  for  CuK,  would  be  about  5000  counts  per  second.  The  one  count  per 
second  is  probably  white  radiation  and  not  CuK.  The  intensity  of  NiK, 
which  has  lower  energy  than  CuK,  would  be  even  smaller.  Therefore, 
the  effect  of  fluorescent  radiation  in  this  work  is  entirely  negligible. 

2.  COMPTON  SCATTERING 

An  acceptable  theory  of  Compton  scattering  must  account  for, 

(a)  the  wavelength  and  (b)  the  intensity  of  the  scattered  wave.  The 
wavelength  problem,  which  is  relatively  simple,  is  discussed  in  some 
detail.  However  the  intensity  aspect  is  enormously  complex  and  to  date 
only  rough  approximations  are  available.  For  example,  only  a  free 
atom  model  is  considered:  yet,  with  x-rays  in  the  one  angstrom  range, 
the  Compton  recoil  electron  receives  energy  in  the  range  0  to  600  eV  . 

It  is  exactly  in  this  energy  range  that  the  electron  states  of  an  atom  are 
most  sensitive  to  the  crystal  structure  in  which  the  atom  is  located. 


. 
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The  assumption  of  total  incoherence  of  Compton  scattering,  which  all 
theories  use,  is  a  second  approximation.  In  the  limit  of  long  waves  or 
small  angles  the  change  in  wavelength  approaches  zero;  and  then  the 
assumption  of  total  incoherence  is  certainly  questionable.  These  con¬ 
tentions  are  supported  by  C .  B.  Walker's  (1956)  measurements  of  the 
Compton  scattering  from  the  (100)  plane  of  aluminum  single  crystals 
at  5  K ,  which  do  not  agree  with  the  suggested  formula.  In  view  of  these 
questions  and  the  complexity  of  the  derivation  a  qualitative  approach  to 
the  intensity  of  Compton  scattering  derived  from  the  suggested  formula 
must  suffice. 

(a)  Wavelength 

The  wavelength  of  a  photon  scattered  at  an  angle  two  theta  by  the 

Compton  process  is  found  by  applying  the  principle  of  conservation  of 

energy  and  momentum.  Let  an  incoming  photon  with  frequency  vQ  , 

energy  hvQ  ,  wave  vector  K0  ,  and  momentum  hKQ  ,  collide  with  a  free 

2 

electron  at  rest  with  mass  m,  energy  me  ,  and  zero  momentum.  The 

scattered  photon  possesses  energy  hv  and  momentum  hK..,  and  the  recoil 

/  a  a  if 

electron  has  momentum  P  and  energy  c^m  c  +  P  . 

h  -  Planck's  constant 
h  =  h/Z  tt 


c 


speed  of  light 


64, 


The  conservation  of  energy  requires 

hvQ  +  me2  =  hv  +  cjm2  c2  +  Pz 
The  conservation  of  momentum  requires 

hK0  =  hK  +  P 

where  K0  ,  K,  and  P  are  vectors  as  shown  in  figure  16. 


(8) 


(9) 


hK 


Figure  16.  Momentum  Diagram  for  Compton  Scattering  --  A  photon 
with  momentum -hK0,  on  striking  an  electron  at  rest,  is  scattered  through 
an  angle  theta  and  left  with  momentum  4iK.  The  electron  has  acquired 
a  recoil  momentum  P. 

P  is  expressed  in  terms  of  hK0,  hK  and  theta. 

P2  =  f? Kq  +  h  K2  -  2h2|KjjKlcos6  (10) 

This  value  of  P  is  placed  in  equation  8  after  it  has  been  squared 


, 
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h2(vo-Vf  +  2hmc1(v0 -v)  =  m2c4  +  c2P^  -  m2c4  (11) 

h2(v0  -vf  +  2hmc2(v0  -v)  =  (chK)2  +  (chKJ^  -  2c2di2KoKcos0  (12) 

The  relationship  hv  =  (h/2rr)  (2tr/W)c  =  chK,  where  W  is  the  wavelength, 
is  used  to  simplify  equation  12. 


2  2  2  2  2  2.  2 
(h\r)  +  (hv)  -  2hvev  +  2hmc  (vG  -v)  =  (hv0 )  +  (hv)  -  2h  vevcos0  (13) 

(vc -v)  /v0v  =  (h/mc2)  ( 1  -cos0)  (14) 

1/v  -  l/\£j=  (h/mc2)  (l-cos0)  (15) 

W  -W0  =  0.0243  (  1-cosO)  (16) 


Clearly,  the  wavelength  of  the  Compton  scattered  photon  increases 

o 

with  scattering  angle  by  an  amount  which  varies  from  zero  to  0.0486A. 
This  difference  with  MoK  radiation  is  not  sufficient  to  permit  the  pulse 
height  analyzer  to  eliminate  the  Compton  scattering  from  the  coherent 
scattering  at  any  angle. 

(b)  Intensity 

The  intensity  of  Compton  or  modified  scattering,  Imod»  given 
by  Compton  and  Allison  (1935  p.254). 

Imod  =  k*  -  Z4‘  Z  Z  +  ZU  (17) 

k^l 

I  is  the  scattering  from  one  electron  by  an  incident  wave  of 
electric  intensity  E.  In  the  approximation  used  1&  is  independent 
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of  the  binding  energy  of  the  electron  in  the  atom  and  corresponds  to  the 
scattering  from  a  free  electron  at  rest. 


1e  " 

csin^O  M  /(8rrrac^)  (18) 

c 

speed  of  light 

e  - 

Bragg  angle 

r  - 

distance  from  the  electron  Jo  the  observation  point 

•  • 

M  = 

e2E0cos  (2rrv0t)  /m  (19) 

e 

electron  charge  e.s.u. 

m  - 

electron  mass 

- 

el  ectric  vector  of  the  incident  wave 

vQ  - 

frequency  of  the  incident  wave 

R  accounts  for  the  reduced  energy  in  the  scattered  wave 


R  = 

(v/vj3  (2°) 

v  - 

frequency  of  the  scattered  wave 

Z  is  the  number  of  electrons  in  the  scattering  ion. 

fkk  =  S  i  i  Y? co  s(k,  a  cosocM't  (21) 
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^kk^e  electronic  structure  factor  in  the  approximation  used  is 
is  equal  to  the  atomic  scattering  factor.  Many  published  values  of 

f kk  av3-il3-t)le .  The  term  is  equal  to  Z  when  theta  equals  zero,  and 
it  decreases  as  theta  increases  and  as  W,  the  wavelength,  decreases. 


k 


i 


is  the  wave  function  of  an  electron  in  the  k  state, 
is  the  complex  conjugate  of  Y 
4-rrsinG/W,  the  modulus  of  the  diffraction  vector. 


a  cosoc  =  the  distance  from  the  origin  perpendicular  to  the  reflec¬ 
ting  plane  to  the  plane  containing  the  scattering  volume 

d'fc 

X  cos(k(a  cosoc)dt  (22) 

The  f^  term,  developed  by  Waller  and  Hartree  (1929),  considers 
that  some  of  the  transitions  used  in  f^  are  forbidden  by  the  Pauli  ex- 
cusion  principle.  This  is  the  only  term  which  is  difficult  to  evaluate 
and  from  which  very  few  values  have  been  published.  Compton  and 
Allison  (1935  p.254)  state  "ordinarily  this  correction  is  negligible,  but 
may  in  an  extreme  case  amount  to  10  percent  of  the  incoherent  scattering". 

I  =  1  +  oc2(  1  -cos20)/  ((1-cos220)  (  1  +  oc(  1  -cos20)) )  (23) 

©c  =  hv/ (me  ) 


(24) 
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The  term  Im  was  developed  by  Klein  and  Nishina  (  1929)  by  the 
application  of  Dirac's  quantum  mechanics,  which  are  invariant  with  the 
Lorentz  transformation.  It  is  noteworthy  that  the  term  is  significant 
only  at  relativistic  velocities,  and  represent  rays  which  are  almost 
completely  unpolarized.  Compton  and  Allison  (  19 35  p.  254)  state,  "this 
term  is  negligible  for  ordinary  x-rays  wavelengths". 


f^and  ZImin  equation  17,  are  neg- 
is  zero  at  0.  0°  theta  and  increases 


lected,  it  is  readily  seen  that  Imod 


£ 


smoothly  to  90  theta,  because  the  atomic  scattering  factor, 


f 

1  KK  ’ 


decreases  and  Ie  increases  with  theta.  Lonsdale  (1942)  has  published 
detailed  calculations  from  equation  17  for  sylvine  with  MoK  radiation. 
She  states,  "Compton  and  unmodified  background  scatterings  are  com¬ 
parable  at  liquid  air  temperatures,  the  Compton  scattering  becoming  of 


increasing  importance  as  the  scattering  angle  increases  beyond  90°(two 


theta)".  The  Compton  scattering  is  expected  to  be  slightly  less  intense 
from  nickel  than  from  sylvine  but  is  still  expected  to  contribute  signifi¬ 
cantly  to  the  background  scattering  in  this  work. 

It  is  interesting  to  compute  the  energy  range  of  the  recoil  electron 
when  one  angstrom  x-rays  are  used. 


E  ^  hv0-  hv  =  he  (1/WC-  1/W)  =  he  (W  -  VQ  /(WW0) 


(25) 


W  -  V^O.  0486A 


(26) 
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0  -  E  —  (6.  6ZE  -Z7)  (3E-10  (0, 0486E -8) /( 1 . 0486) 


(27) 


0  — E  — 9.2E-10  ergs  =  600  eV 


(28) 


At  OK,  the  energy  of  the  Fermi  level  is  taken  as  zero.  The 
state  of  the  recoil  electron  must  satisfy  both  the  Pauli  principle  and 
Brillouin  zone  considerations.  Therefore  the  intensity  of  Compton 
scattering  from  a  perfect  crystal  at  absolute  zero  cannot  be  a  smooth 
function  as  equation  17  implies.  However,  beam  divergence,  crystal 
imperfections,  and  polycrystalline  samples  are  expected  to  smooth  the 
intensity  of  Compton  scattering. 

XRAS  cannot  resolve  the  Compton  scattering  from  coherent 
scattering  when  MoK  radiation  is  used  with  nickel  specimens.  If  the 
intensity  of  Compton  scattering  varies  only  slowly,  it  causes  no  direct 
errors  in  this  work  except  for  the  effect  of  increasing  the  background 
at  high  angles.  This  in  turn  makes  it  more  difficult  to  isolate  the 


Bragg  scattering. 


3.  COHERENT  SCATTERING 

Waves  that  are  scattered  with  the  same  phase  angle  as  the 
incident  wave  and  without  change  in  wavelength  are  said  to  be  coherently 
scattered.  The  validity  of  the  assumptions  (e.g.  James  1958  chapter  1) 
usually  made  in  developing  a  theory  of  coherent  scattering  of  x-rays  is 
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examined.  The  fact  that  the  phase  angle  is  always  known  permits  the 
intensity  scattered  in  any  direction  to  be  calculated  by  adding  vectorially 
the  amplitudes  of  the  waves  scattered  in  the  desired  direction.  This 
procedure  is  commonly  referred  to  as  'Huygens'  construction'.  It  clearly 
cannot  be  applied  to  primary  fluorescent  radiation  because  there  is  usu¬ 
ally  no  phase  relationship  between  the  absorbed  and  emitted  radiation. 
Huygens'  construction  has  not  been  applied  to  Compton  scattering,  where 
its  validity  is  not  known  if,  indeed,  it  is  valid  at  all.  In  x-ray  diffraction 
it  is  used  sucessfully  to  describe  Laue  or  Bragg  scattering  and  diffuse 
scattering . 

The  remarkable  aspect  of  Huygens'  construction  is  that  it  usually 
provides  the  correct  answer  in  x-ray  scattering  although  the  model  is 
certainly  a  false  one.  For  example,  Huygens'  construction  assumes  an 
infinitely  long  plane  wave  incident  on  a  scatterer,  and  each  point  in  the 
scatterer  becomes  the  centre  of  a  spherical  wavelet.  This  implies  that 
the  incident  energy  and  the  scattered  energy  do  not  change  with  time. 

This  is  certainly  untrue  because  photon  detectors  such  as  scintillation 
counters  measure  not  the  energy  but  the  derivative  of  file  energy  with 
respect  to  time.  In  fact,  the  amplifier  in  XRAS  uses  the  second  deri¬ 
vative  of  the  energy  with  respect  to  time  to  measure  energy.  Therefore 
the  concept  of  a  steady  continuous  incident  plane  wave  in  which  the  deri¬ 
vative  is  zero  is  unrealistic  because  the  incident  energy  is  quantized. 

The  life  of  an  optical  photon  in  matter  is  estimated  at  less  than 


E-9  seconds  ,  from  the  response  time  of  fast  scintillators  (anthracene). 

In  XRAvS  Bragg  reflection  occurs  with  incident  beam  intensities  of  the 
order  of  E  +  5  photons  per  second,  where  the  average  time  between  photor  s 
is  E-5  seconds.  Because  the  incident  photons  are  random  in  time,  the 
possibility  of  two  photons  arriving  'at  the  same  time'  is  one  in  Ft  10 
photons.  This  is  of  the  order  of  once  per  day..  However,  Bragg  reflection 
occurs  approximately  once  in  E+5  photons  or  once  per  second  in  this  case. 
Therefore  Bragg  scattering  must  be  a  one  photon  process.  In  addition, 
wavelength  measurements  of  Bragg  scattered  photons  indicate  the  energy 
is  not  measurably  (1  part  in  E  +  5)  changed.  Therefore  if  energy  is  con¬ 
served  the  photon  must  be  either  scattered  or  not  scattered  but  it  cannot 

s}e 

be  partially  scattered  as  Huygens'  construction  suggests. 

On  the  other  hand,  Huygens'  construction  assumes  that  the  inci¬ 
dent  wave  passes  through  the  scatterer  and  each  scattering  point  becomes 
the  centre  of  a  spherical  wavelet  of  scattered  radiation.  Tue  total  in¬ 
tensity  of  such  wavelets  computed  or  measured  for  MoK  x-rays  scattered 
from  the  111  reflection  of  an  aluminum  single  crystal  is  less  than  0.  1 
percent  of  the  incident  intensity.  If  Huygens'  construction  is  applied  to 
a  single  incident  photon,  the  wavelength  of  the  Bragg  scattered  photon 
should  be  approximately  one  thousand  times  the  wavelength  of  (he  incident 
photon,  if  energy  is  conserved.  This  conflicts  with  the  previous  para¬ 
graph  which  states  that  the  wavelength  of  the  scattered  photon  is  not 
detectably  changed.  Therefore,  as  a  physical  model  for  x-ray  diffraction 


*the  following  argument  is  qualified  by  the  note  on  Page  H3. 
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Huygens'  construction  is  not  consistent  with  experimental  data,  even 
though  it  provides  the  correct  answer  in  many  cases. 

The  exact  nature  of  the  process  of  Bragg  scattering  offers  some 
difficulty.  The  momentum  of  the  coherently  scattered  photon  is  changed 
because  the  direction  of  the  wave  vector  changes  as  much  as  180°  ,  but 
the  modulus  of  the  wave  vector  is  unchanged.  How  then  is  it  possible  to 
conserve  energy  in  the  process?  It  has  been  suggested  that  the  photon 
interacts  with  a  large  mass,  which  suffers  a  momentum  change  MaV. 

The  energy  change  |tMaV  is  a  second  order  infinitesimal  compared  to 
the  momentum  change  MaV. 

These  criticisms  are  not  intended  to  reject  Huygens'  theory  but 
only  the  suggestion  that  it  provi  des  a  complete  and  final  answer.  Indeed, 
no  other  theory  has  been  able  to  explain  Laue  or  Bragg  scattering,  although 
Dr.  J.  Sample  of  the  Physics  Department  of  the  University  of  Alberta  has 
suggested  that  highly  advanced  modern  theories  avoid  these  difficulitie s. 

The  most  general  theory  of  diffraction  developed  to  date  (Hosemann 
and  Baggchi,  1962)  states  '  The  physical  processes  underlying  all  dif¬ 
fraction  phenomena  are  described  by  Huygens'  theory'.  The  theory  of 
coherent  scattering  developed  here  follows  that  of  Hosemann  and  Baggchi. 

4.  LAUE  OR  BRAGG  SCATTERING 

Equations  describing  Bragg  scattering  are  developed  from  two 
standpoints;  the  Fourier  transform  method  following  Hosemann  and 


Bagchi  ( 1  962)  is  the  more  powerful:  the  consideration  of  path  differ¬ 
ences  provides  a  bell  nr  physical  picture  of  Bragg  scattering.  The  e- 
quatione  may  be  developed  to  include  the  effect  of  thermal  vibration  of 
the  lattice  points  on  the  Bragg  scattering;  and  this  effect  is  related  to 
the  parameter  known  as  the  Debye  temperature. 

(a)  The  Intensity  Function 

The  theory  of  coherent  scattering  developed  here  is  based  on 
Fraunhofer  diffraction  theory  for  which  the  necessary  inequalities  are 
well  satisfied  by  XP  AS.  The  inequalities  are; 

rK^>l  r=|X-Y|»Y  (29) 

In  XRAS,  the  specimen  to  detector  distance  r  is  17  cm.  ,  and  K, 
the  wave  vector  for  MoK,  is  9F+8  cm 

rK*  1.  5  Ft- 10>>  1 

17  »10F  -4  —  Y 

X  is  undefined. 

The|Y|  is  limited  by  the  mosaic  size  of  the  crystals. 

Intensity  of  coherent  scattering  Jc  (B)  in  Fourier  space  at  the 
point  B  is  given  by  Hosemann  and  Baggchi  (  1962  p.27).  The  following  • 
development  follows  their  work, 

Jc  (B)  =  f e  feR(B)R*(B)Jp/r* 


(30) 
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Jp  i b  the  time  average  of  the  incident  intensity.  (40a) 

r  -  the  distance  from  the  scatterer  to  (he  detector. 

The  factors  fe  and  f^  depend  on  the  experimental  arrangement. 

For  example,  using  x-rays  with  the  B  ragg  -  Brentano  focussing  method 
and  a  polycrystalline  specimen, 

f q  =  ( 1  +  cosl26) /(  sin*0  cosO)  (31) 

where  9  -  Bragg  angle 

>x 

R(B)R  (B)  is  the  only  factor  in  equation  30  which  depends  on  the 
density  distribution  of  scattering  matter,  i.  e.  the  structure. 

B  -  vector  in  reciprocal  or  Fourier  space 
X  -  vector  in  real  space 

p(X)  -  the  density  of  scattering  matter  at  the  point  defined 
by  X.  In  x-ray  diffraction  ^>(X)  is  always  the  electron  density,  and 

R(B)  =  ^  ?(X)  exp2rri(BX)dvx  (32) 

>!< 

where  R(B)  is  the  Fourier  transform  of  ^,(X) ,  and  R  (B)  is  defined  as 

R*(B)  =  j  AX)  exp  <-2iri  (B'Xfldv*  (U) 

The  factor  R(R)R*(B)  is  the  intensity  function  1(B) .  Hosemann  and 
Bagchi's  representation  has  the  advantage  that  foe  observed  intensity  of 
coherent  scattering  can  be  quickly  factored  into  useful  parts.  For  example. 
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it  is  clear  that  if  the  intensity  is  measured  at  a  point  B  at  two  temper¬ 
atures  then  the  ratio  of  the  intensities  depends  only  on  the  structure.  It 
is  therefore  reasonable  to  suggest  that  the  Debye  temperature  of  a  crystal 
can  be  determined  from  such  measurements  if  there  is  no  change  in.  crystal 
structure. 

Jc(B)  /Jc(B)rr-=  R(B)R*(B)  /R(B)R*(B) _  (34) 

Equation  30  applies  to  gases,  liquids,  crystals  and  amorphous 
structures.  The  intensity  of  coherent  scattering  from  a  crystal,  that  is, 
the  evaluation  of  1(B),  is  next  considered  after  the  establishment  of  some 
notation. 


(b)  The  Bravais  and  Reciprocal  Lattices 

Let  A(,  AZi  A?  be  fixed  independent  vectors  and  let  ny  ,  n,  ,  n3 
take  all  positive  and  negative  integral  values  including  zero.  Then  the 
set  of  points  n/  A;  +  ny  Az  +  n4A4  =  An  maps  out  a  translation  lattice  which 
in  this  work  will  be  taken  as  the  space  lattice  or  Bravais  lattics  in  real 
space.  Because  real  crystals  are  finite,  the  values  of  n  are  limited. 

For  a  lattice  parallelepiped  with  sides  n,  Aj  ,  n;_  and  Aj  the  value  of 
n:  lies  between  zero  and  N,  -  1.  The  general  vector  in  real  space  will 
be  written  as  p,A,  +  p^A^  +  pjA?=  Ap  where  p  takes  all  real  values. 

There  exists  a  set  of  vectors  B(  ,  Bi,  B  5  defined  with  respect  to 
A( ,  Az  ,  A  7  ,  as  follows: 


6: 


j 


1  if  i  =  j 

0  if  i  jfc  j 


(35) 
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The  prescription  for  finding  B(  in  terms  of  is 

B,  =  Aa  x  A3  /  (A,*(A2x  A3))  (36) 

The  lattice  defined  by  the  collection  of  points 
1,  B,  +  l^Bg^  -f  I3B3  =  IB 

where  lt  ,  1 2 »  I3  take  all  positive  and  negative  integral  values  including 
zero,  is  called  the  reciprocal  lattice.  The  general  vector  in  reciprocal 
space  defined  by  B,  ,  Bz,  B3  is  written 

h,B,  +  h^B^  +  h^Bg  =  hB 


Where  h,,  h2,  h3  are  elements  of  foe  set  of  real  numbers. 

(c)  Evaluation  of  the  Intensity  Function  for  a  Crystal 
In  order  to  evaluate  1(B)  for  a  crystal,  it  is  necessary  to  evaluate 
R(B)  which  is  defined  by  equation  30.  The  density  function  ^>(X)  for  a 
space  lattice  can  be  defined  as 


1  if  X  =  An  (i.  e. 


if  X  is  a  lattice  point)  (37) 


=  0  if  X  /  An 


The  Fourier  integral 


R(B)  =  j  ^>(X)  exp  (277i(B'X))dvx 


(38) 


can  now  be  replaced  by  a  summation 
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Nrl  vsl  fcf 

r(b)  ~Zj  1  2j{exp(27ri(B'An))  (39) 

^i-o  na=o  n3-o 

for  a  lattice  parallelepiped  with  sides  n,A,,  n2Aa,  n3A3  .  This  is  a 
geometric  series  with  the  following  sum. 

3 

R(B)  =TT(  1  -exp(277iN(/B'A^)  /( 1  -exp(27riBi>Ai))  (40) 

I 

The  intensity  function  for  the  lattice  parallelepiped  is  now 

3 

1(B)  =  R(B)R  (B)  =**]  f(l-cos2TrN^B-A^)/(l-cos277-B*A-t)  (41) 

L"  I 
3  _ 

1(B)  =  sinTTNj^B- A^/simTB'A-t  (42) 

l-l 

This  intensity  function  has  principal  values  when  each  of  the 
factors  B'A‘l  has  an  integral  value;  and  this  condition  leads  to  the  Laue 
equations . 


AjyB  =  1  ( i=  1,2,3),  (1=0  ,  ±1 , +2, +3 . )  (43) 

Ewald's  construction  (James  1958,  p.7),  which  shows  that  the  principal 
maxima  in  equation  42  occur  when  B  is  a  reciprocal  lattice  point,  offers 
an  alternative  viewpoint. 

(d)  Coherent  Scattering  from  a  Lattice  by  a  Consideration  of 
Path  Differences 

Equation  42  may  also  be  developed  by  considering  the  path  differ- 
ances  between  waves  scattered  from  the  lattice  points.  Let  SQ  be  a  unit 
vector  in  the  direction  of  the  incident  beam,  St  a  unit  vector  in  the 


. 
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direction  of  the  scattered  beam,  and  r  the  vector  from  the  origin  to  the 
observation  point. 


Figure  17,  Path  Difference  on  Scattering  from  Lattice  Points 


The  path  difference  between  wavelets  scattered  from  the  origin 
A0  and  An,  observed  at  a  large  distance  r  from  A q  ,  is  An*S,  -  S0  which 
is  equivalent  to  a  phase  difference  (27T/W)  An‘S(-S0.  The  vector  S  where 

S  =  (S,  -So)  (2rr/W)  (43a) 


is  called  the  diffraction  vector.  The  amplitude  of  the  wave  scattered 
from  An  in  the  direction  S,  at  a  distance  r  is 


Y  =  (^/r)exp(iwt  +  iAn-S) 


(44) 


(£)  is  the  amplitude  such  that  the  equation  is  correct  when  r  =  1.  If  r  is 
large  compared  to  An,  it  may  be  taken  as  a  constant.  The  total  amplitude 
of  the  scattered  wave  in  the  direction  S,  by  the  lattice  parallelepiped  is 


Hr  I  /VI 

Y  (S)  =  ($/r)  exp(iwt)  ^Texp(iS*A,n,)  ^  exp(iS  A^n2)  ^  exp(iS  A3n3)  (45) 


/VO 


h^o 


/vo 
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This  again  is  a  geometric  series  with  the  sum 


Y(S)  =  ($ /r)~fr(  l-exp(iS‘AjN[)  /  ( 1 -exp(iS*A;)) 

t*  l  L 


(46) 


The  intensity  scattered  in  the  direction  S,  is 


Y(S)Y*(S)  =  (<j>/rffr(sin(S-AtNi)  /sin(S-A [)); 

Is  1  z  z 


(47) 


Except  for  the  constant  factor  ( (j)  /  vf~  equation  47  is  identical  with  equation 
42  obtained  from  the  Fourier  transform  of  ^(X)  if  S  =  27rB.  From  either 
of  these  equations,  the  Laue  equations  may  be  written  in  the  following 
manner: 


|S||Aj  cosot-L=  1L  (48) 

(2  sinB/W)  (A,cosoC,)  =  1,  (49) 

(2sin9/W)  (Aacos<K.2)  =  lj> 

(2sinO/W)  (A3cosoC3)  =  13 

whereoC^are  direction  cosines,  andlj^  are  integers. 

A  plane  in  real  space  with  intercepts  A,/^,  A2/l2,  A^/la,  is  de¬ 
scribed  by  Miller  indices  ( 1 1 12.I3)  if  1|  1^13  have  no  common  factor.  The 
second  term  in  the  above  Laue  equations  is  the  modulus  of  the  vector 
normal  to  the  (1,1213)  lattice  plane  and  is  equal  to  the  distance  dhkl  between 


the  planes  (l,lzl3).  This  interpretation  leads  to  the  Bragg  equation 


. 
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nW  -  2d^^  sin0 


(50) 


If  the  integers  1, 12.I3  have  a  common  factor,  n,  the  reflection  is 
considered  to  be  of  order  n.  The  order  of  the  reflection  does  not  arise 
in  Laue's  or  Ewald's  interpretation. 


A  closer  examination  of  the  intensity  function  of  the  lattice  yields 


a  relationship  between  the  width  of  the  principal  maximum  (Bragg  re¬ 
flection)  and  the  number  of  lattice  points.  The  principal  maximum  falls 
to  zero  when  A£*B  changes  by  +  1/N^.  Thus  the  width  of  a  reflection 
increases  as  the  crystal  size  decreases,  because  N^A'^  is  a  measure  of 
the  size  of  the  crystal. 


(e)  The  Effect  of  Thermal  Motion  on  the  Intensity  Function 
The  effect  of  small  lattice  disturbances,  such  as  thermal  motion, 


can  be  described  in  the  following  manner  starting  from  equation  39  and 
taking  S  =  27TB . 


(51) 


h=o  nvo 


where  A^  n  and  A^ m  represent  the  disturbed  position  of  the  lattice  points 


An  and  Am. 

The  vectors  Un  and  Um  represent  the  displacement  of  lattice 
points  n  and  m  from  their  equilibrium  or  ideal  positions  given  by  An  and 
Am. 


Equation  51  can  be  rewritten  as: 
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exp(  iS* A  n  -Am  )exp(iS*Un  -  Um  )  (52) 


•VO  n£»0 


This  expression  becomes  more  precise  as  the  period  of  the  radiation 
becomes  small  compared  to  the  period  of  the  lattice  disturbance.  The 
first  term  does  not  vary  with  time.  The  second  term  in  equation  52 
must  be  averaged  with  respect  to  time.  The  following  definition  is 
convenient: 


Pmn  =  (S*Un  -  Um) 


(53) 


The  average  value  of  exp(ipmn)  written  as  exp(ip^  )  is  sought.  The 
function  exp  (-p^/2)  is  a  close  approximation  to  exp  (i^  )  if  p  is  small. 


exp  (-p2/2)  =  1  -  p2/ 2  +  p+/8 


(54) 


Equation  53  can  be  averaged  by  substituting  the  value  of  the  modulus  of 
S  =  (47T/W)  sin0  and  designating  the  projection  of  Um  on  S  as  Un$. 


p^n/2  =  (47T/Wfsin29  (Un,  -  U^/2 


(55) 


Debye  assumed  the  lattice  points  vibrate  independently  of  each  other 
(i.e.  no  interaction).  This  assumption  leads  to 


(Uns  -  U  m^  )=  Uns  +  Ums-  2Un$Ums 


(56) 


Un"s  =  Um5=  U  nsU  ms=  0 


(57) 


(Uns-  Um5)=  2UsL 


(58) 
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Equation  55  can  now  be  written  as 


PWV2  =  (4TT/wf  sin*9u|  =  2M 


(59) 


This  the  well  known  temperature  factor  suggested  by  Debye  (1913). 

The  temperature  factor  can  be  applied  to  equation  52 

W-l  m-i 

I(S)  =  N  +  exp(-2M)^T  J~?exp( iS  -An  -  Am)  (60) 

n/-o  rn'=o 

The  first  factor  arises  from  the  N  terms  where  n  =  m.  In  the  second 
factor  the  primes  indicate  that  the  summation  is  only  over  pairs  of 
different  points  (i.e.  n/  m). 

Taking  the  summation  in  equation  60  over  all  pairs  of  points 
leads  to 


3 

I(S)  =  N(  1  -  exp(  - 2M) )  +  exp( -2M)TT(  sin(S- AjNjJ  /  ( sin( S-A; ) )  ( 6 1 ) 

L  ■  I  ~~z  Z. 

The  first  term  N  (  1  -exp( -2M))  represents  general  scattering, 
which  increases  from  zero  when  0  =  0,  to  a  maximum  when  0  =  90°. 
However,  the  scattering  power  of  the  atom  decreases  as  the  angle  of 
scattering  increases.  Therefore  this  term  represents  a  broad  maximum 
at  moderate  angles.  If  the  vibration  of  each  lattice  point  is  not  assumed 
to  be  independent,  this  general  scattering,  or  temperature  diffuse 
scattering,  will  show  broad  maxima  at  the  reciprocal  lattice  points. 

A  comparison  of  the  second  term  of  equation  6l  with  equation  42 
shows  that  this  term  represents  the  Laue  scattering  given  by  equation 
42  reduced  by  the  factor  exp(-2M).  Therefore  the  effect  of  lattice 


■ 


vibration*  on  the  Bragg  reflections  may  formally  bo  treated  by  con¬ 


sidering  a  lattice  at  rest  with  reduced  scattering  power.  Hence  the 
definition  of  the  density  function  of  the  space  lattice  ^>(X)  given  by 
equation  37  can  be  modified  to  include  the  effect  of  thermal  vibration 


(  ^>(X)  dv^  a  exp(-2M)  if  X  a  An 

if  X  ^  An 


(62) 


=  0 


The  peak  intensity  of  the  Bragg  reflection  is  proportional  to  N 

Lim  ( 8in(S*A^N(/ 2)  /  { einfS'A^/  2))  =  N*  (63) 

S-A'LNj>k7r 

where  k  =  ±  1 ,  ±2,  ±3,... 

However,  the  width  of  the  Bragg  reflection  varies  as  1/N  ,  and  thus  the 
integrated  intensity  of  a  Bragg  reflection  varies  as  N.  Therefore,  the 
intensity  difference  between  the  general  scattering  and  the  Bragg  re¬ 
flections  is  not  as  great  as  might  be  anticipated  from  equation  63. 

Note: 

Dr.  Bagchi  has  explained  that  the  criticism  of  Huygens'  construc¬ 
tion  is  not  valid.  The  difficulty  in  accounting  for  the  energy  in  the  scat¬ 
tered  wave  arises  if  the  incident  beam  is  assumed  to  be  an  infinite,  plane, 
monochromatic,  electromagnetic  wave.  In  fact  it  consists  of  photons  or 
packets  of  polychromatic  waves.  Huygens'  construction  should  be  applied 
to  the  wave  packets  rather  than  to  the  idealized  infinite  incident  wave. 


LATTICE  VIBRATIONS 
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LATTICE  VIBRATIONS 

Vibrations  possess  three  common  characteristics:  an  equi¬ 
librium  position  (i.e.  a  postion  where  vibration  is  not  necessary):  a 
restoring  force,  which  opposes  motion  of  the  body  away  from  its  equi¬ 
librium  position;  an  inertia  force  which  opposes  acceleration.  The 
restoring  force  in  crystals  controls  the  elastic  properties,  and  in  most 
crystals  is  related  to  the  force  necessary  to  move  a  dislocation.  This 
suggests  that  a  detailed  study  of  lattice  vibrations  in  metals  would  pro¬ 
vide  a  deeper  understanding  of  the  most  important  properties  of  metals, 
their  strength  and  workability. 

- z 

The  simple  evaluation  of  (S'Un-Um)  in  the  previous  section 
provides  the  correct  answer  to  the  effect  of  thermal  vibration  of  the 
lattice  points  on  the  intensity  of  Bragg  scattering.  However,  a  more 
detailed  analysis  of  lattice  vibrations  is  necessary  to  relate  the  Debye 
temperature  to  the  temperature  factor.  This  section  briefly  outlines 
the  analysis  presented  by  James  (1958  chapter  V). 

(a)  Normal  Coordinates  and  the  Phase  Lattice 

Small  displacements  of  the  lattice  points  can  be  explained  by 
assuming  that  the  lattice  is  traversed  by  a  set  of  plane  waves. 

Un(K)  =  a^cos(  w^t-K- An- 5k)  (64) 


(K)  is  the  displacement  of  the  lattice  point  n  at  time  t  caused  by  the 
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plane  wave  with  wave  vector  K. 

|K|  =  27T/W 

W  -  is  the  wavelength 
w  -  is  the  circular  frequency 
<$k  -  is  the  phase  angle 

K  An  is  a  phase  difference  and  (n |  ,ng,ng)  are  integers.  Therefore  the 
vector  components 


(K-A,  ,K*A2,K*A^  =  (g,,ga,gs)  =  g-  (65) 

must  also  define  the  phase  difference.  The  set  of  ordered  triples 
(ni  >ng,n3)  can  be  used  to  define  a  lattice  in  a  new  space  called  H  space. 
Then  the  ordered  set  of  triples  (g,  ,  g£,g3)  defines  another  space  called 
P,  or  phase  space,  which  is  reciprocal  to  H  space.  These  spaces  are 
dimensionles  s . 

Physically,  g^  is  the  phase  difference  for  the  K  wave  between 
two  lattice  points  separated  by  the  vector  A£.  Then  n- g  is  the  phase 
difference  for  the  K  wave  between  lattice  points  separated  by  the  vector 
A  n.  Any  phase  difference  is  single -valued  only  in  an  interval  of  length 
2t T.  It  is  convenient  to  select  the  interval. 


-rr  -  gi-  tt 


(66) 


86, 


This  in  turn  implies  the  following  inequalities: 


-7T  -  K-A^  -77 

(67) 

-TT/Aj,  ^  K  -TT/A 

(68) 

-1/2A(  *  1/W  ^  1/2A^ 

(69) 

2A£  ^  W  *  OO 

(70) 

Inequality  70  states  that  wavelengths  shorter  than  the  translations  2A,  , 
2A2  ,  2A3  are  excluded,  not  because  they  are  impossible,  but  because 
they  would  duplicate  waves  in  the  chosen  range. 

The  above  discussion  assumes  an  infinite  lattice:  the  case  of  a 
finite  lattice  is  introduced  most  simply  by  M.  Born's  cyclic  boundary 
conditions.  In  referring  to  these  conditions  L.  Brillouin  (  1953)  states, 
'For  an  ideal  isotropic  continuum,  there  is  a  boundary  condition  which 
avoids  these  complications  --a  perfect,  smooth,  rigid  boundary  — 
but  it  does  not  work  for  crystal  lattices.  '  To  apply  Born's  conditions 
a  rectangular  parallelepiped  with  edges  N,  A,  ,  N2A£,N3A3  is  selected 
from  the  infinite  space  lattice.  For  sufficently  large  values  of  N,  ,  N2  , 
N3  the  intensive  properties  are  independent  of  N  =  N,  NgN5  ,  i.e.  the 
effect  of  surface  may  be  neglected.  It  is  assumed  that  all  motions  are 
periodic  in  distances  N(  A(  ,  N^Ag  and  N3  A3  parallel  to  A  ,,  Ag  and  A3 
respectively.  Then  the  inequalities  of  equations  66  to  70  are  restricted 
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further  to 


2A^  -  W  -  2N^ 


777 A/  ±  K  -  TT/N^Aj^ 


77  * 


-  §L  -^/Ni 


Further,  the  possible  phases  of  the  waves  must  satisfy 


(71) 

(72) 

(73) 


NLg^  =  2TTml  (74) 

or  gi  =  Zfrm[/Nl  (mt=  0  +1  +2.  .  .+  N[ /2)  (75) 

because  of  the  periodicity  assumed. 

The  ordered  set  of  triples  (m,  ,  m^,  m3)  =  m^  defines  a  lattice 
called  the  phase  lattice  in  phase  space  with  translations  2tt/N|  ,2Tr/N^, 

27T/N^.  The  vector  defined  by  any  ordered  triple  m£  gives  a  possible 
vector  g£  in  phase  space  which  defines  a  lattice  wave,  and  the  total 
number  of  phase  lattice  points  is  N  =  N,  N£  N3  .  There  are  N  waves 
vectors  with  3  polarizations  for  a  total  of  3N  waves.  The  density  of 
points  in  the  phase  lattice  is  N/(2tt). 

2 

(b)  The  Calculation  of  (S-Un  -Um)  in  Terms  of  Normal  Coordinates 

The  displacement  Un  of  the  lattice  point  An  is  obtained  by  summing 
the  displacements  due  to  all  the  lattice  waves. 


' 
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un  =  L  a9j  e9j  cos(w3j.t-n.g-S3j) 


(76) 


Sj 


-  polarization  vector  -  i.  e.  a  unit  vector  in  one 
of  the  three  independent  direction  of  of  vibration 
of  the  lattice  ( j  =  1,  2,3)  associated  with  the  waveg. 


L3J 


amplitude  of  the  gj  wave. 


-  phase  angle 


w  -  circular  frequency,  radians  per  second 


|K|  -  Zjr/W  when  W  is  the  wavelength  of  the  wave 


Each  wave  is  stopped  and  started  again  many  times  in  the  interval  re  - 
quired  for  an  observation;  and  on  each  occasion  the  wave  starts  the 
phase  angle,  Sgj  ,  is  independent  of  its  previous  value.  Therefore  the 
average  value  of  a  sine  or  cosine  term  containing  ,  will  be  zero. 

The  displacements  Un  from  equation  76  are  used  to  evaluate 
equation  55,  which  may  be  written 


J  p*-  =  ^(S-Un  -  Um)‘ 


-  1, 


(77) 


Substituting  Un  from  equation  76,  we  have 


iPmn  =  i  Y,  (S‘eSJ  Hi  (coS<W3j  ‘~n'g  's9i)  '  cos(wgj  (78) 

3J 

In  averaging  the  left  side,  any  term  which  contains  different  values  of 
&  .  will  vanish  because  Oa.is  an  even  function.  For  terms  with  the  same 

3  j  3J 
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value  of  <^j  the  average  value  of  each  cosine  squared  is  The  cross 
products  give  two  terms:  the  cosine  of  the  sum  (which  vanishes  on 
averaging  because  it  contains  a  term  2  )  and  the  cosine  of  the  differ¬ 

ence  (in  which  the  V  terms  cancel  each  other).  The  result  is 


IDz. 


'i  I<s" 


9  j 


2  ? 

e3j  ^a9j  ( 1  -cos(g.n-m)) 


(79) 


The  first  term 


i  Yj  (S'e<jj  ^a3j  =  8TT2(sin^/wf  V  (a3>  f 
3j  9  j  J 


(80) 


where  ^  (a^  f  is  the  component  of  the  amplitude  in  the  direction  S. 
Twice  the  mean  square  displacement  is  the  mean  square  amplitude. 
Therefore  this  term,  1  6ttz(  sin0/ W)*  =  2M,  is  the  Debye  temperature 

factor  of  equation  59.  Hence 


2M  =  \ 


(80a) 


The  second  term  of  equation  79,  which  describes  the  effect  of 
coupling  the  lattice  points,  results  in  broad  maxima  at  the  reciprocal 
lattice  points  of  diffuse  scattering.  This  term  is  of  no  further  interest 
in  this  work. 


(c)  Relationship  between  the  Mean  Square  Amplitude  of  Vibration 

and  Temperature 

The  kinetic  energy  E ^  of  lattice  points  is 

Ek  =  i  Z 

n 


(81) 


. 
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where  the  summation  is  taken  over  all  lattice  points.  From  equation  76 


Un  =  -  £e5.  w9.  ag.  sin(wg.  t-ng-53j  ) 


(82) 


The  above  value  of  Un  is  substituted  into  equation  81,  which  is  then 
averaged.  The  average  value  of  the  square  of  the  sine  is  since  terms 
with  different  values  of  Q  .  contain  £o,te rms  and  vanish. 


V 


0  2. 

W3i  a9j 


Ek  ^ 

"  9j 


w?j  a9i 


(83) 


(84) 


The  total  energy  E  is  half  the  kinetic  energy 


E  =  -|mN  ^  w^ 

3J  J 


a3J 


(85) 


E<j.  is  defined  as  the  energy  associated  with  the  wave  defined  by 


E  =  E  E3J 

3j 


(86) 


From  quantum  theory  the  energy  associated  with  a.  harmonic  oscillator 


is 


E9i  =  (n9j  +  i)fiw9J 


(87) 


where is  Planck's  constant. 


n3j  = 


(88) 


comparing  equations  85,  86  and  87  leads  to 
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w*  a*  =  (n3.  +  f)ftwgj  (89) 

a3j  =  (2tf/mN)  (n3j +i)/wgj  (90) 


This  value  of  a|.  can  now  be  substituted  into  equation  80a  to  give 


2M  ~  (S'eTj  )  ^/mN)  (n<jj  +4)/wgj 

9j  J 


(91) 


If  we  define  G-.  as 

*  J 


G« 


=  ffi/mN)  (S-e3.  ffn,.  +£)/w9- 


Then 


2M 


=  E°« 


(92) 

(93) 


3J 

At  this  point  it  is  evident  that  an  accurate  summation  over  ^  » 
requires  the  frequency  distribution  function,  which,  with  rare  ex¬ 
ceptions,  is  unavailable.  However,  Debye  assumed  a  frequency 
distribution,  and  this  offers  useful  results. 


(d)  The  Numerical  Evaluation  of  the  Temperature  Factor  -2M 
for  a  Cubic  Crystal  by  Debye's  Method 


Debye  (1913)  developed  a  method  of  evaluating  an  approximation 


y 

of  ^  Gg.  .  In  Einstein's  (1905)  theory  of  specific  heats,  where  w< 


3j 


Si 

was  a  constant,  the  summation  is  simple.  Debye's  method,  which 
is  a  better  approximation,  assumes  the  lattice  is  an  isotropic  elastic 
continuum,  in  which  all  waves  with  a  specified  polarization  travel  with 
the  same  phase  velocity  independently  of  wavelength  and  direction. 


.  '  '  '  Mi  1  7t)  =■  .fO 
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This  leads  to  a  frequency  distribution  function  f(v)  dv  proportional  to 
v*  ,  which  permits  to  be  approximated  with  an  integral. 


31 

The  number  of  waves  with  polarization  j  in  an  isotopic  solid 
having  a  |g  |  less  than  a  given  maximum  is  given  by  the  number  of 
phase  lattice  points  in  a  sphere  of  radius  gm  .  Further,  this  number 
is  equal  to  N  if  is  the  maximum  value  permitted  by  the  lattice.  Re 
calling  that  the  density  of  phase  lattice  points  is  N/(2tt)3 


(4tt/  3)g^  N/(2tt)J  =  N 


(94) 


Using  the  relationship  |g|  =  Av/j  /V-  ,  where  A  is  the  modulus  of  the 

translation  vector  for  a  cubic  lattice  and  wy  is  the  circular  frequency 

for  waves  of  polarization  j  ,  and  V  is  the  phase  velocity  for  waves 

with  polarization  j  (V-  is  a  constant),  enables  equation  94  to  be  written 

J 

wj.  =  (3/4tt)  (2tt)3  (Vj  /A)3  (95) 

Debye  assumed  a  mean  frequency  w^  given  by 

w^  (1/VL3  +  2/Vt3)  =  (9/4tt)  (2rr/A)3  (96) 

where  V  and  V.  are  the  phase  velocities  of  longitudinal  and  transverse 

V  v 

wave  s . 

The  summation  in  equation  91  can  be  replaced  by  an  integration 
over  the  phase  lattice.  The  frequency  distribution  function  f(g)  dg  for 
the  phase  lattice  is  the  number  of  phase  lattice  points  lying  in  a  thin 
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spherical  shell  between  |g|  and  |g|  +  |dg|  . 

f(g)dg  =  4tt |g |Z|dg|  N/(2tt)3  (97) 

This  is  used  as  the  elemental  volume  of  integration.  It  is  convenient 
to  change  the  variable  in  equation  97  to  wj  ,  using  |g|  =  wJ-A/VJ-,  and 
hence 


f ( wj)  d Wj  +  4 it ( A  /  Vj  f  Wja  dwj  N /  (  2tt)3 


(98) 


Then,  substituting  into  equation  91  and  integrating  from  zero  to  wm  , 
we  have 

2M  =  (fl/mN)  ^  j  (S  e3j  f(n3j +i)(4Tr(N/(2-nf)(A/Vj  )>dw  (99) 

J  ° 

2L  2.  t  , 

Now  (S-e^j  )  is  S  times  the  square  of  the  projection  of  the  unit 
vector,  e,  on  S.  For  a  given  polarization  j,  e  takes  all  values  with 
equal  probability  and  therefore 


V(S.e5J  )  =S*/3  (100) 

9j 

Equation  99  simplifies  to 


_ J  ^  wrnj 

2M  =  (fiSVm)  ^  (  1/((3/4tt)(2tt)3  (Vj  /A.)3  )  J  (nj.  +^)wdw  (101) 

If  the  value  of  w^  from  equations  95  and  96  is  placed  in  equation  101  we 
have 


2M  =  (3hSVmw^)  j  (n”9J  +f)wdw 

o 

Recalling  equation  88,  equation  102  can  be  written 


(102) 
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2.  f W'n 

ZM  =  (3ftS  / mw^)  j  (  l/(exp(hw/kT)-  1)  +-J)wdw  (103) 

o 

The  following  two  definitions  are  convenient 


z  =  "ftw/kT 

(104) 

x  =  /kT 

(105) 

Equation  103  can  be  written 

ZM  =  (3hS3/mwm)  (kT/ftw^f  J  (1/fexpz-l)  +  J)zdz 

o 

(106) 

ZM  =  (3fiSa/mw(n)  (1/x2-)  (  J  ( 1 /(expz- l)zdz)  +  x2-/4) 

o 

(107) 

Defining  D(x)  as 

D(x)  =  (1/x2-)  (  J  1  /(expz- l)zdz  +  x2/4) 

o 

(108) 

Equations  107  becomes 

ZM  =  ( 3hSa  / mw^  )  D(x) 

(109) 

The  Debye  temperature,  0D  ,  is  defined  as 

0D  =  hwm/k 

(HO) 

Introducing  0Dinto  equation  109 

ZM  =  (3hSZ/mk0D)D(x) 

(111) 

'  rr.  )■  ')  :>  •  :  nr  w<.  XIo3t 
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if  ft  is  replaced  by  h/Zrfand  S  by  4Ttsin0/W 

2M  =  ( 12h7mk0D'p(x)  sirfQ/W2-  (112) 

From  values  of  2M  experimentally  determined  at  known  temper- 
atures;0Dcan  be  computed  by  an  iterative  numerical  method.  The  equation 
cannot  be  solved  analytically.  There  are  two  methods  for  measuring  2M: 
the  slope  method  and  the  ratio  method.  These  methods  are  now  discussed 
in  detail. 

(e)  The  Slope  Method 

The  slope  method  utilizes  the  variation  of  2M  with  scattering 
angle  theta.  Recalling  equation  62,  the  scattering  power  of  a  lattice 
point  is  equal  to  exp(-2M).  This  is  a  function  of  sin6/W  (i.e.  the  scatter¬ 
ing  angle).  Measured  values  of  the  scattering  power,  ,  of  a  lattice 
point  can  be  determined  for  several  values  of  0.  For  each  value  of  Im 
(0)  the  following  equation  holds 


1^(0)  =  exp(  -2M) 

(113) 

or 

ln(IJ0))  -  -2M 

(114) 

Combining  equations  112.  and  114 

ln(I^( 0))  =  - ( 1 2h*  /mk0c)D(x)sina  0/Wz  (115) 


This  equation  has  the  form  y  -  bx 


'X 

whe  re 


b  =  (  -  12hz  /  mk0|)D(x) 


(116) 


Therefore,  from  the  slope  b  of  a  graph  of  In  (I„)  vs.  sin2  e/Wa  ,  the 
Debye  temperature  can  be  calculated.  The  above  analysis  assumes 
the  scattering  power  of  a  stationary  lattice  point  is  unity;  and  for  simpl 
structures  (such  as  nickel)  the  lattice  point  is  taken  as  the  equilibrium 
position  of  an  atom.  Precise  theoretical  values  of  the  scattering  power 
(i.e.  the  atomic  scattering  factor  f)  which  are  generally  accepted  as 
accurate,  have  been  published  (Freeman,  Watson  1961),  and  may  be 
used  instead  of  the  value  of  unity. 

In  the  case  of  simple  structures  such  as  nickel,  the  relative 
scattering  factor  is  obtained  by  dividing  the  integrated  intensity  of  a 

a 

Bragg  reflection  by  f^  (see  equations  30  and  31)  and  the  multiplicity 
factor  P.  The  factor  fe' accounts  for  the  variation  in  intensity  with 
angle  due  to  geometrical  factors.  The  powder  method  assumes  that 
the  crystallites  are  randomly  oriented;  but  because  there  are  six 
permutations  of  hOO  and  48  of  hkl  ,  and  hkl  reflection  is  48/6  times  as 
probable  as  an  hOO  reflection.  The  multiplicity  factors  for  the  hOO  and 
hkl  are  hence  equal  to  6  and  48  respectively. 

(f)  The  Ratio  Method 

The  ratio  method  exploits  the  temperature  dependence  of  2M. 

The  scattering  factor  f  is  determined  at  two  temperatures  T1  and  T2 
at  the  same  scattering  angle  (neglecting,  for  the  moment  ,  thermal 
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expansion).  Equation  113  can  be  written 


IJTl)  =  exp(  -2M(T  1 )) 

(117) 

WT2)  =  exp(-2M(T2)) 

(118) 

taking  logarithms  and  subtracting  118  from  117. 

r  =  ln(UTl)/IJT2))  =  2M(T2)  -  2M(T1)  (119) 

Substituting  values  of  2M  from  equation  112  we  have 

r  =  ( 12h*  / mk&o  )  (D(0O  /T2)  -  D(6C  /Tl))  sin2  6/W2-  (120) 

This  is  an  implicit  equation  in  0D  which  can  only  be  solved  numerically. 

In  the  ratio  method,  the  ratio  of  the  integrated  intensity  of  a 
Bragg  reflection  measured  at  two  known  temperatures  can  be  used  in 
equation  120,  because  all  other  factors  are  multiplicative  and  cancel. 

The  slight  variation  in  intensity  and  scattering  factor  with  the 
change  in  scattering  angle  caused  by  thermal  expansion  causes  a  small 
error.  However,  this  can  be  eliminated  by  dividing  the  observed  in¬ 
tensity  by  f0  (  the  Lo rentz -polarization  factor)  and  the  theoretical 
scattering  factor  squared, f2-  .  The  angular  shift  experienced  in  the 
work  described  in  this  thesis  due  to  thermal  expansion  is  less  than  0.  15° 
theta.  The  uncertainty  in  the  values  of  f0  and  f2  will  introduce  no  sig¬ 


nificant  error  over  this  small  range. 
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(g)  Summary 

The  section  on  coherent  scattering  develops  an  equation  for  the 
intensity  of  Bragg  scattering  which  includes  the  effect  of  thermal  motion 
of  the  lattice  points.  The  section  on  'Lattice  Vibrations'  relates  the 
effect  of  thermal  motion  on  the  Bragg  scattering  to  the  Debye  temper¬ 
ature,  which  is  related  to  the  elastic  properties  of  the  lattice.  Finally, 
two  methods  --  the  slope  and  the  ratio  method  --  for  experimentally 
determining  the  Debye  temperature  are  discussed. 


THE  DETERMINATION  OF  THE  DEBYE  TEMPERATURE 
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THE  DETERMINATION  OF  THE  DEBYE  TEMPERATURE 

The  slope  and  ratio  methods  for  determining  the  Debye  temper 
ature  depend  on  measurements  of  the  relative  scattering  power  of  a 
lattice  point  (i.e.  the  atomic  scattering  factor)  from  measured  values 
of  the  integrated  intensity  of  Bragg  scattering.  It  is  now  necessary  to 
consider  in  detail  the  measurement  of  Bragg  scattering. 

1.  THE  INTEGRATED  INTENSITY  OF  BRAGG  REFLECTIONS 

The  Laue  scattering  in  XRAS  is  called  a  Bragg  reflection  or 
Bragg  scattering  because  the  experimental  arrangement  is  due  to  Bragg 
indeed,  methods  of  structural  analysis  by  x-ray  diffraction  can  be  said 
to  rest  upon  the  Bragg  reflection.  This  is  true  of  the  experimental 
determination  of  the  scattering  factor,  temperature  factor,  and  crystal 
structure;  and  virtually  all  the  more  sophisticated  x-ray  techniques, 
such  as  small  angle  scattering  and  diffuse  scattering,  utilize  data  ob¬ 
tained  from  the  integrated  intensity  of  Bragg  reflections.  Therefore, 
the  problem  of  measuring  the  integrated  intensity  of  Bragg  reflections 
deserves  serious  consideration. 

Basically  there  are  two  aspects  to  the  precision  measurement 
of  Bragg  intensities;  very  precise  intensity  measurements,  and  a  pre¬ 
cise  method  of  separating  Bragg  scattering  from  the  other  kinds  of 
scattering,  which  henceforth  are  called  the  'background'  .  The  first 
problem  has  been  discussed,  in  detail  on  pages  7  to  13  •  The  second 
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problem  is  discussed  below. 

An  examination  of  figures  6  and  18  emphasizes  the  difficulties 
in  separating  Bragg  scattering  from  the  background.  These  graphs 
were  obtained  by  processing  data  cards  from  XRAS  with  an  IBM  1620 
computer  and  plotting  the  output  with  an  IBM  807  plotter.  Figures  6 
and  18  show  the  1011  reflection  from  a  quartz  single  crystal  and  7  31- 
553  reflection  from  a  nickel  powder  specimen  respectively.  In  both 
cases  a  molybdenum  x-ray  tube  was  operated  at  40  kv  and  15  ma.  A 
one  degree  slit  system  and  a  zirconium  filter  were  used.  The  only 
human  judgement  or  evaluation  involved  in  these  graphs  was  the  de¬ 
cision  where  to  start  and  stop  the  scan,  and  the  plotting  scale  to  be  used. 
Each  point,  which  is  the  average  of  50  readings  from  XRAS  is  plotted 
with  a  precision  of  ±0.02  inches,  according  to  IBM  specifications.  The 
structure  of  the  Bragg  reflection  in  figure  6  is  lost  in  averaging  the  50 
readings.  Actually,  the  K^-K^peaks  are  well  resolved.  The  program 
used  for  this  plot  is  shown  on  page  101.  The  output  from  this  program 
controls  the  typewriter  on  the  807  which  makes  the  graph. 

The  quartz  lOll  reflection  (figure  6)  illustrates  the  non-linear 
nature  of  the  background  obtained  with  an  absorption  filter.  Yet  the 
methods  generally  used  for  separating  the  background  from  a  reflection 
assume  a  linear  background.  This  aspect  of  the  problem  is  less  serious 


at  high  scattering  angles  where  the  background  is  more  uniform. 

The  background  associated  with  the  quartz  1011  reflection,  shown 
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. .IDENT  J.GOLDAK  4AUT0PL0T  X-RAY  DATA 
..I  1  READING  /STEP-0.1  DEGREES  2THET A/READ  I NG 

..LOAD  FORTRAN  EXECUTE  DUMP 
REWIND  1 

DIMENSION  RHM (  20),THETA(  20),IRHM(  20)*IETA(  20) 

4  FORMAT  ( 1X5 ( F6.0  ,F6.2 »2X )  ) 

49  FORMAT ( 1XI4,1XI4*3F10.5 ) 

100  FORMAT (715) 

110  FORMAT ( 50H 
1  READ  49,K*K1 ,TAX*THET,TH 
I THET=THET*10.0 
I W I DE= 1 10  0 
ISCAL=99 
I  2  =-45 
13=^20 
JTHET=0 
I K11=JTHET 
I K 1  =  JTHET  +  100 
I K  2  =JTHET  +  200 
I K  3  =jTHET-20 
IK4  = JTHET+400 
I K  5  =  -70 
IK6=JTHET+600 
I UP=450 
IOVER=240 

WRITE  OUTPUT  TAPE  1  *  1  00  *  1 , I W I DE ,  1 5 00  *  I  OVER , I  UP , JT HET  *  0 
WRITE  OUTPUT  TAPE  1*100*2,1,0 
DO  103  J=  1  *  K 
RN  =  0 . 0 

READ  4* (RHM(  I )  *THETA (  I )  *  1  =  1  ,5  ) 

I F ( RHM ( 1 )  )  104* 104*6 
6  CONTINUE 

DO  50  1=1*5 
I R  HM (  I ) =R  HM (  I )*TAX 
RN  =  RN  +  RHM (  I  )  *T  AX 
RN  =  RN*Q • 2 
I RN=RN 

I T  A  = ( 5* ( J- 1 )  +  I  ) 

I R  N= I RHM (  I  ) 

WRITE  OUTPUT  TAPE  1  *  1  00 , 3 » I T A  *  I RN 
50  CONTINUE 

103  CONTINUE 

104  CONTI NUF 

WRITE  OUTPUT  TAPE  1*100,2*1*0 
I  Y  =  0 
I  X  =  0 

DO  60  L 1= 1 »  5 0 

WRITE  OUTPUT  TAPE  1 , 1 00  *  3 , I  X  *  I Y 
I X=  IX+100 
60  CONTINUE 
I  X  =  0 

DO  70  L  1  =  1 , 8 

WRITE  OUTPUT  TAPE  1  ,  1  00 , 3  *  I  X  *  I Y 
I Y= IY+100 
70  CONTI NUF 

WRITE  OUTPUT  TAPE  1  ,  1 00 , 4 , I K 1 1  *  I  2  *  0 
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Figure  18.  The  731-553  Reflection  from  Nickel 
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in  figure  6,  appears  to  be  better  defined  then  the  background  associated 
with  the  nickel  731-553  reflection  shown  in  figure  18.  As  the  ratio  of 
the  peak  to  background  intensity  increases  and  the  reflection  narrows, 
the  relative  error  in  the  Bragg  reflection  caused  by  error  in  estimating 
the  background  intensity  decreases.  In  simpler  language,  it  is  easier 
to  measure  a  large  effect  than  a  small  one.  The  obvious  implication 
is  that  intensities  should  be  measured  from  single  crystals,  which  pro¬ 
vide  the  strongest  Bragg  scattering.  However  the  problems  of  growing, 
orienting  and  cutting  single  crystals  are  appreciable.  Further,  the 
intensity  from  single  crystals  can  be  quite  sensitive  to  alignment  because 
the  width  of  reflections  from  perfect  crystals  is  only  of  the  order  of  a 
few  seconds  of  arc.  Nevertheless,  single  crystals  will  be  used  in  XRAS 
as  soon  as  they  become  available. 

A  simpler  technique  suggested  by  the  author  and  recently  developed 
by  Mr.  Timbres  of  this  department  utilizes  a  preferred  recrystallization 
texture  (cube  texture)  in  face -centred  cubic  metals  to  simulate  a  single 
crystal.  With  this  method  the  Bragg  scattering  can  be  increased  by  a 
factor  of  ten  for  hOO  reflections,  which  allows  a  considerable  im  - 
provement  in  the  precision  of  isolating  the  Bragg  scattering.  However, 
the  problem  of  measuring  weak  reflections  cannot  be  avoided  in  every 
case,  and  all  reflections  must  be  used  in  structure  analysis.  The 
measurement  of  atomic  scattering  factors  and  Debye  temperatures 
requires  high  angle  reflections  where  the  background  is  highest  and 


. 

■ 
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the  scattering  factor  smallest;  and  hence  the  intensity  of  Bragg  ref-. e 
is  usually  weak. 

In  this  work,  where  only  the  customary  types  of  powder  and 
polycrystalline  specimens  are  used,  the  estimation  of  background  in¬ 
tensity  is  the  most  difficult  step.  To  the  author's  knowledge,  no  unicrn 
method  of  estimating  the  background  has  been  published.  Many  pape 
include  statements  such  as  "It  is  possible  that  the  tails  of  broadened 
reflections  from  deformed  samples  were  not  included  completely  in  the 
peak  area  measurements,  despite  efforts  made  here  to  avoid  this  source 
of  error".  (Herbstein,  Smuts,  1963).  This  is  simply  an  admission  of 
the  possibility  of  erroneously  estimating  the  background  intensity. 

Several  schemes  for  improving  the  background  estimate  were 
considered.  Sections  on  either  side  of  the  reflection  could  be  taken  n 
'background'  and  a  least  square  analysis  performed  to  obtain  a  linear 
value.  However,  the  initial  choice  of  the  background  sections  is  as 
arbitrary  as  choosing  a  background  directly,  and  the  method  has  little 
advantage.  The  possibility  of  describing  the  reflection  profile  with  a 
polynomial  or  Fourier  series  was  considered:  perhaps  "background" 
could  be  defined  in  terms  of  a  certain  slope.  However  such  a  large 
number  of  terms  would  be  required  that  an  improved  position  in  .mil  c  . 
Another  possibility  is  to  assume  a  line  shape  --  say  a  Gaussian  or  Poiss 
distribution  --  and  subtract  this  from  the  observed  intensity.  But.  all 
the  above  methods  are  artificial,  and  hence  they  are  arbitrary  in.  1 
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This  point  of  view  is  emphasized  by  Ilyina  (  1962).  He  investi¬ 
gated  x-ray  reflections  from  deformed  metals,  and  stated; 

"Our  investigations  thus  lead  us  to  the  con¬ 
clusion  that  deformation  does  not  cause  a  loss  of 
integral  intensity  if  account  is  taken  of  the  tails 
which  are  characteristic  for  deformed  metals. 

However,  the  problem  of  the  cause  of  these  tails 
still  remains  unanswered.  Are  they  to  do  with 
the  principal  maximum  or  do  they  represent  dif¬ 
fusion  scattering,  the  intensity  of  which  varies 
non-monotonically  with  the  angle  and  has  peaks 
in  the  sites  of  reciprocal  lattice?  If  the  tails 
belong  to  the  selective  maxima  then  they  can  be 
attributed  to  second  order  distortions,  i.e.  to 
the  presence  of  non-homogeneous  elastic  defor¬ 
mation  of  considerable  magnitude  in  microsectors. 

The  total  volume  of  these  sectors  should  not  be 
very  high. 

If  the  tails  belong  to  the  diffusion  background 
due  to  atom  displacement  (third  order  distortions), 
then  the  existence  of  the  background  peaks  must 
indicate  some  law  in  the  distribution  of  displacements, 
similar  to  that  which  obtains  in  the  propagation  of 
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elastic  waves  in  the  case  of  thermal  movement. 

Theoretical  and  experimental  investigations 
are  necessary  to  clarify  this  problem". 

A  method  devised  by  Keating  (1959)  to  calculate  the  intensity  due 
to  one  component  of  the  or  Koc^  from  the  observed  intensity  would 

in  effect  reduce  the  width  of  the  Bragg  reflection  by  \  and  hence  reduce 
the  error  in  the  integrated  intensity  due  to  the  error  in  estimating  the 
background.  The  method  requires  a  knowledge  of  the  ratio  of  the  in¬ 
tensity  of  the  j  to  the  component ,  and  some  error  in  this  ratio 

must  be  anticipated.  This  method  was  not  used  here  because  of  the 
amount  of  programming  it  requires;  and  it  would  not  solve  the  problem, 
although  it  might  reduce  it. 

In  this  work,  the  background  is  taken  as  the  minimum  intensity 
on  either  side  of  a  reflection.  The  average  of  the  two  values  is  used  -- 
which  is  equivalent  to  assuming  the  background  varies  linearly.  How¬ 
ever,  the  angular  interval  over  which  the  intensity  is  averaged  must 
still  be  selected.  XRAS  measures  the  intensity  with  increments  of 

O 

0.005  theta,  but  the  computer  can  sum  readings  to  provide  any  larger 
increment  desired.  As  the  increment  is  increased,  the  statistical 
error  in  each  increment  decreases ;  but  obviously,  the  increment  cannot 
be  increased  indefinitely.  An  increment  of  0.25  theta  (i.e.  the  sum  of 
50  readings)  was  found  to  possess  a  reasonable  probable  error  (-^1 
percent)  without  excessively  distorting  the  observed  intensity.  The 
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method  is  not  considered  to  be  very  satisfactory,  but  no  better  alterna¬ 
tive  is  known. 

2.  NUMERICAL  ANALYSIS 

(a)  Analysis  of  Data  from  XRAS 

The  data  from  each  experiment  or  scan  are  contained  in  a  set 
of  IBM  cards  (figure  14)  with  the  specimen  temperature,  specimen  de¬ 
scription,  operating  conditions  and  starting  angle.  The  latter  data  are 
written  on  the  back  of  the  first  data  card  of  each  set.  It  is  desirable  to 

reduce  the  measured  intensity  to  the  corrected  intensity  by  dividing  by 

2  a 

f0  and  f  ,  the  Lo rentz -polarization  factor  and  the  theoretical  atomic 
scattering  facto r  squared  respectively.  Then  the  integrated  intensity 
of  a  Bragg  reflection  obtained  from  the  corrected  intensity  can  be  used 
directly  for  the  ratio  method  and  need  only  be  divided  by  the  multiplicity 
factor  --  an  integer  between  6  and  72  --  for  the  slope  method. 

This  correction  is  performed  by  IBM  1620  computer  with  the 
Fortran  program  shown  on  page  109.  This  program  sums  a  specified 
number  of  readings  (usually  50  in  this  thesis  )  to  give  the  total  intensity 

o 

(total  number  of  counts)  over  a  specified  angular  increment  (usually  0.25 
theta).  Then  the  relative  standard  deviation,  q ,  in  the  intensity  is  calcu¬ 
lated  from 

i 


q  =  N 


(121) 
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•.I  J.  GOLDAK  X-DATA  L.P.AND  F**2  CORRECTION  92; 

..I  1  CARD  IS  NO  OF  DATA  CARDS  AND  ANGLE  THETA 
••I  FOLLOWED  BY  DATA  CARDS.  END  WITH  BLANK  CARD 
..LOAD  FORTRAN  EXECUTE  DUMP 
10  FORMAT! 1X14, F20. 8 ) 

DIMENSION  FN I ( 3 1 ) 

FN  I  (  1  )  =2 8 • 00 

FN I (  2 ) =2  7 . 5  5 
FN I  (  3 ) =2  6 • 34 

FN I (  4 ) =2  4 • 6  3 
FN I (  5 ) =2  2 • 7 0 
FN I (  6 ) =2  0 . 7 4 
FN  I  (  7 ) =1 8 • 86 
FN I (  8 ) = 1 7 . 1 1 
FN  I  (  9 ) =15.51 
FN  I  (  10 ) =14.08 
FN  I  (  11  ) =12.82 
FN I ( 12 ) =1  1.80 
FN I ( 13 ) =10.78 
FN  I  ( 14) =10.04 
FN  I  (  15  )  =9.29 
FN I ( 16 ) =8 . 76 
FN I ( 17 ) =8 .23 
FN  I  ( 18 ) =7.85 
FN  I  ( 19 ) =7 .47 
FN  I  ( 20  )  =7. 18 
FN  I  ( 21 ) =6.91 
FN  I  ( 22 ) =6.685 
FN  I  ( 23 ) =6.46 
FN I ( 24) =6.27 
FN I ( 25 ) =6.08 
FN  I  ( 26 ) =5.905 
FNI (27)=5.73 
FN I ( 28 ) =5.565 
FN I ( 29) =5.40 
FN I ( 30  )  =5.24 
FN I ( 31 ) =5.08 
READ  10, N, A 

DIMENSION  RHM ( 1 0 )  »  THETA ( 1 0 ) 

4  FORMAT ( 1X5 ( F6. 0 ,F6. 2 ,2X )  ) 

5  FORMAT! 1 X F9 . 3 , 4F 1 0 . 3  ,  F 1 6 . 2 ) 

PUNCH  30 

PUNCH  31 

30  FORMAT ( 55 HO  THETA  INTEGRATED  INTENSITY  RATE  OF 

31  FORMAT ( 55H  INTENSITY  CHANGE 

A  =  A*3 • 1415926535/180. 

A  =  A*0 . 5 
RHU2=0. 0 
RHU4  =  0 • 0 
12  CONTINUE 

DO  40  L  =  1  » 10 
RHU 1 =RHU2 
RHU3=RHU4 
DO  20  J=1 ♦ 2 

READ  4,  (RHM!  I )  ,THFTA (  I )  ,  1  =  1  ,5  ) 

I F ( RHM ( 1 )  )  8 ,8  ♦  7 


SAVE  CARDS 


PROBABLE 

ERROR 


. 


no. 


7  CONTINUE 

DO  21  1=1*5 

21  RHU4=RHU4+RHM( I ) 

20  CONTINUE 

SS  D= 1 • /SQRTE ( RHU4) 

A=A+3. 14159265/3600. 

WL=0.7107 
S  =  S  INE ( A ) 

C  =  COSF (A) 

POL=S*S*C/(2.+4.*C*C*(C*C-l.  )  ) 

SW  L  =  S/WL 
G=20.*SWL+1. 

I  =  G 
G 1  =  I 

E=ENI (  I  ) + ( FN  I  (  I  ) -FN I  (  1  +  1 )  ) * ( Gl-G ) 
EF  =  E*F 

RHU4=RHU4*P0L/FF 
RHU5= ( RHU4-RHU3 ) / RHU4 
RAT  =  RHU5 /SSD 
A1=A*180. 0/3. 14159265 
RHU2=RHU2+RHU4 

PUNCH  5  *  A  1  >  RHU2  »RHU4*RHU5*SSD*RAT 

40  CONTINUE 
PUNCH  41 

41  EORMAT(IHO) 

GO  TO  12 

8  CALL  EXIT 
END 


I  100  2803  99.00  300 

BRANCH  0040R 


theta  integrated 

INTENSITY 

RATE  OF 

PROBABLE 

INTENSITY 

CHANGE 

ERROR 

49.749 

33.555 

33.555 

1.000 

.015 

62 . 94 

49.999 

65.974 

32.418 

-.035 

.016 

-2.16 

50.249 

99.231 

33.256 

.025 

.016 

1.57 

50.499 

139.333 

40.101 

.170 

.014 

11.66 

50 . 749 

203.513 

64.180 

.375 

.011 

32.37 

50.999 

251.592 

48.079 

-.334 

.013 

-24.96 

51.249 

297.973 

46.381 

-.036 

.013 

-2.67 

51.499 

331.530 

33.556 

-.382 

.016 

-23.72 

51.749 

362.945 

31.415 

-.068 

.016 

i 

4> 

. 

O 

oo 

51.999 

393.730 

30.784 

-.020 

.016 

r— ( 

C\J 

• 

t — 1 

1 

52.249 

424.404 

30.674 

-.003 

.016 

-.21 

52.499 

453.552 

29.148 

-.052 

.017 

-3.01 

52.749 

483.109 

29.557 

.013 

.017 

.80 

52.999 

512.516 

29.406 

-.005 

.017 

-.29 
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where  N  is  the  total  number  of  counts.  The  probable  error  is  2q/3. 

The  intensity  is  divided  by  the  Lo  rentz -polarization  factor  and  the 

O 

value  of  the  theoretical  atomic  scattering  factor  squared  f  which  is 
interpolated  from  the  values  of  Freeman  and  Watson  (1961).  For  each 
angular  increment  the  computer  punches  one  line  of  output  containing 
the  scattering  angle,  the  integrated  intensity,  the  intensity  of  the  incre¬ 
ment,  the  difference,  d,  between  the  intensity  of  the  increment  and  the 
previous  increment,  the  relative  standard  deviation,  q,  and  the  ratio 
d/q  The  sum  of  the  intensities  from  the  beginning  of  the  scan  to  the 
current  increment  is  the  integrated  intensity.  The  ratio  d/q  is  a  measure 
of  the  significance  of  the  change  in  intensity.  It  is  unlikely  that  d/q  will 
exceed  4  as  a  result  of  statistical  fluctuations.  The  output  from  experi¬ 
ment  number.  100  is  shown  on  page  110.  For  convenience  a  two  line 
space  separates  each  ten  lines  of  output  data.  The  corrected  intensity 
from  all  experiments  used  in  this  thesis  is  listed  in  appendix  II. 

(b)  Calculation  of  the  Background  Intensity 

The  background  and  integrated  intensities  of  a  Bragg  reflection 
are  calculated  from  the  corrected  intensities  from  experiment  100  on 
page  110  in  the  following  manner.  The  underlined  values  in  the  third 
column  are  taken  as  the  background  values  on  either  side  of  the  731  -553 
Bragg  reflection.  The  total  background  intensity  is 


(32.418+29.406)13/2  =  401.856 


(122) 


9 
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The  reflection  is  13  increments  (3.25°theta)  wide.  The  total  intensity 
of  the  reflection  is  found  by  subtracting  the  underlined  values  of  the 
integrated  intensity  (the  second  column). 

512.516-33.555  =  478.961  (123) 

The  integrated  Bragg  intensity  is  the  difference  between  the  total  in¬ 
tensity  (equation  123)  and  the  background  intensity,  (equation  122). 

478.961-401.856=77.105  (124) 

This  value  is  directly  proportional  to  the  atomic  scattering  factor  squared, 
2_ 

f  ,  times  the  multiplicity  factor,  P.  In  the  ratio  method  the  presence 
or  absence  of  P  is  immaterial.  However,  the  integrated  Bragg  intensity 
must  be  divided  by  P  for  the  slope  method. 

(c)  Numerical  Solution  for  Ratio  Method 

The  ratio  method  requires  the  solution  of  equation  120  for  0D  . 
Henceforth  0D  will  be  written  as  D  to  follow  the  notation  used  in  the 
Fortran  programs.  Equation  120  written  in  full  is 

ln(I(Tl)/I(T2))  =  (12h2  /mkD3W2)(T2^sin202(  j  zZ’/(expz-l)dz+x22/4)  - 

X»  ° 

Tl2  s in2  0 1  (  J”  z/(expz- l)dz+xl2  / 4) )  (125) 

o 

The  Fortran  program  shown  on  page  115  solves  the  equation  by  an  iter¬ 
ative  method.  The  following  notation  is  used  in  the  program: 
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R1  -  observed  value  of  In  (I(  T  1) /I(T2))  (126) 

R2  -  computed  value  of  In  (I(T  1)/I(T2))  (127) 

D  -  first  estimate  of  the  Debye  temperature 

D1  -  second  estimate  of  the  Debye  temperature 

Equation  125  is  written  as  R2  =  Z/DJ  (128) 

where 

Z  =  (12h2/mkW“')(T2  sin202(  ^  z/(  expz- l)dz+x2c' /4) 

o 

-Tl°sin201(  ^  z/(expz- l)dz+x  1  /4))  (129) 

O 

The  goal  is  to  find  D  such  that  y  =  0  in  the  equation 


y  -  R1  -  R2 

(130) 

or 

y  =  R  1  -  Z/D3 

(131) 

y'  =  dy  /  dD 

(132) 

/  4- 

y=  3Z/D 

(133) 

Apply 

ing  Newton's  method 

D1  =  D  -  y(D)/y/  (D) 

(134) 

or 

D 1  =  D  -  (R  1  -  Z/D°  )D4/(3Z) 

(135) 

' 
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This  simplifies  to 

D1  =  D(4  -  RID'  / Z) / 3  (136) 

Substituting  R2  from  equation  128  yields  (137) 

D  1  -  D(4  -  Rl/R2)/3  (138) 

By  this  equation  the  original  guess  of  the  Debye  temperature  is  improved. 
The  method  can  be  repeated  to  obtain  any  desired  degree  of  accuracy. 
When  the  difference  between  two  estimates  is  less  than  0.01  percent, 
the  equation  is  considered  solved. 

Newton's  method  would  apply  exactly  if  the  value  of  the  integrals 
was  constant.  However,  it  is  usually  possible  to  compute  the  Debye 
temperature  with  five  digit  precision  in  six  iterations,  which  requires 
approximately  4  minutes  of  computer  time.  The  initial  estimate  of  the 
Debye  temperature  usually  can  be  made  with  considerable  precision 
from  published  results  or  LindemannJs  (1910)  melting  point  formula. 
However,  the  .minute  of  computer  time  that  might  be  saved  does  not 
justify  the  effort. 

An  example  of  the  output  from  this  program  is  shown  on  page  116. 
The  initial  estimate  is  450  K  and  the  final  solution  424.90  K.  The 
second  estimate  428.80  K  is  very  good,  but  thereafter  the  convergence 


is  slower. 


« 
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..I  J.GOLDAK  DEBYE  TEMP  FROM  X-RAY  DATA  922103  SAVE  CARDS 
•.LOAD  FORTRAN  EXECUTE  DUMP 

100  FORMAT ( F15.7*F13.9*F9.5»F13.6) 

101  FORMAT ( 3F13. 4) 

1  READ  100,RHU1 ,RHU2 *T1 ,T2 
PUNCH  99 

PUNCH  98 
99  FORMAT ( 1 H 1 ) 

98  FORMAT ( 1H5 ) 

PUNCH  100 ,RHU1 *RHU2 * Tl , T2 
READ  1 0 1  * ANG1 * ANG2  >  D 
PUNCH  101 , ANG1 »ANG2 * D 
READ  102*WL*A 
PUNCH  102  *  WL  >  A 

102  FORMAT ( F12.8 *E14.8 ) 

PUNCH  80 

80  FORMAT ( 1H5 *10HDEBYE  T EMP *  1 1 X 1 4H I N TENS  I T Y  RATO , 7X14H ( OBS-COMP 
PUNCH  81 

81  FORMAT ( 3X42HOLD  NEW  OBSERVED  COMPUTED 

WL=1 .OE+16/ ( WL*WL ) 

2  Rl=LOGF (RHU1/RHU2 ) 

R  =  0  •  17453292E-01 
ANG1=R*ANG1*0.5 
ANG2=R*ANG2*0. 5 

3  S 1 =S I NF ( ANG1 ) 

S 1 =S1*S1*WL 

4  S2  =  S  INF ( ANG2 ) 

S  2  =  S2*S2*WL 
AS  1 =A*S1 

AS  2  =  A*S2 
T1T1=T1*T 1 
T2T2  =  T2*T  2 
A  1 = AS1*T 1 T 1 
A2=AS2*T2T2 

5  Z  =  D/ T 1 

DD 1 =Z*Z*0 • 2  5 
U1=0.0 
DZ 1  =  Z*0  •  0 1 
7  DO  20  1=1*100 

Z1=Z*( 1. 0  +  Z*0.5*(1.0  +  Z*0. 33333333* (1.0  +  Z*0. 25* (1.0  +  Z*0. 2) )  I  ' 
U1=U1  +Z*DZ1/Zl 
Z  =  Z-DZ 1 
20  CONTINUF 
Z=D/T2 

DD2=Z*Z*0 .25 
DZ  2  =  Z*0 .0 1 
U2  =0 . 0 

DO  30  1=1*100 

Z 2  =  Z * ( 1 .0  +  Z*0. 5* ( 1 .0  +  Z*0. 33333333* ( 1 . 0  +  Z*0. 25* ( 1 .0+Z*0*  2 
U2=U2+Z*DZ2/Z2 
Z  =  Z-DZ  2 
30  CONTINUE 

W= - A 1 * ( U1+DD1 ) +A2* ( U2+DD2 ) 

R  2  =W / ( D*D*D ) 

6  FORMAT ( 10XE14. 8 ) 

ER 1 =EXPF ( R 1 ) 


. 
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ER  2  =  EXPF ( R2 ) 

V= ( ER1-ER2 ) / ER 1 
V  = ABSF ( V ) 

D1=D*0.33333333*(4.0-R1/R2  ) 
PUNCH  40  *  D  *  D 1  *  ER 1 »  ER 2  ,  V 
40  FORMAT (1H0»2F7.2*2F13.8»F13.9) 
IF ( V-0.0001  ) 1,1,42 
42  D=D1 

GO  TO  5 
END 


126.1430000  78.16200000  77.00000  300 

101.8000  101.5100  450.0000 

.71069000  .39161 140E-13 


DEBYE  TEMP  INTENSITY  RATO 


OLD 

NEW 

OBSERVED 

COMPUTED 

450.00 

428.80 

1.61386590 

1.52101480 

428.80 

425.77 

1.61386590 

1 .59791340 

425.77 

425.10 

1.61386590 

1.61024190 

425.10 

424.95 

1.61386590 

1.61301820 

424.95 

424.91 

1.61386590 

1.61366600 

424.91 

424.90 

1.61386590 

1.61381900 

.000000 


(OBS-COMP ) /OBS 

.05753334 
. 00988465 
.00224553 
.00052526 
.00012386 
.00002906 
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(d)  Numerical  Solution  for  Slope  Method 
The  slope  method  requires  the  solution  of  equation  116  for  P  . 

In  applying  the  slope  method,  it  is  necessary  to  determine  the  integrated 
intensity  of  each  Bragg  reflection  in  a  scan  (usually  25°  to  55°  theta  in 
this  work)  and  the  scattering  angle  associated  with  each  reflection.  In 
this  work  the  weighted  mean  of  the  K^i  ,  and  K  ^  p  peak  intensity  values 
are  used.  If  two  adjacent  Bragg  reflections  are  too  close  to  separate, 
the  angle  to  be  associated  with  the  total  intensity  from  the  two  reflections 
is  derived  by  taking  a  weighted  mean.  For  example,  this  arises  with 
the  711-551  and  640  reflections.  From  appendix  V  the  Bragg  angles 

O  o 

associated  with  the  71  1-551  and  640  reflections  are  46.06  and  46.65 
theta  respectively.  The  multiplicity  factors  are  48  and  24.  The  angle 
associated  with  these  reflections  is  then  * 

(48*46 .  06  +  24*46 . 65) / 72  =  46.26  theta  (139) 

The  integrated  corrected  intensity  of  each  Bragg  reflection  is 
divided  by  the  multiplicity  factor.  Then  the  slope  may  be  obtained  from 
a  graph  such  as  figure  19,  but  a  least  square  analysis  is  quicker  and 
more  precise;  and  it  also  provides  the  standard  deviation  in  the  slope. 
The  least  square  program  that  performs  this  analysis  is  shown  on  page 

*  In  equation  139  ,  the  asterisk*  is  used  as  a  multiplication  symbol  to 
conform  with  Fortran  programming. 
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Figure  19  The  Ln(Im)  vs.  Sin^  9/W 
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•  •I  J.  GOLDAK  LEAST  SQUARES  ANALYSIS  922102E  SAVE  CARDS 
..LOAD  FORTRAN  EXECUTE  DUMP 

DIMENSION  IX (  100 )  ,  I  Y ( 100 ) 

5  FORMAT ( 2F20. 10 ) 

52  FORMAT ( 1X2E16. 9 ) 

100  FORMAT (715) 

1  READ  50, N 
50  FORMAT (1X14) 

SX=0.0 
SXX=0. 0 
S  Y  =  0 . 0 
S Y  Y  =  0 . 0 
S  X  Y  =  0 . 0 
FN  =  N 

DO  10  J  =  1  » N 
READ  5 , X ,  Y 
Y  =  LOGF ( Y ) 

SX=SX+X 
SXX=SXX+X*X 
SY  =  SY+ Y 
SYY=SYY+Y*Y 
SXY=SXY+X*Y 

10  continue 

DEN=1.0/( FN*SXX-SX*SX ) 

PUNCH  52 , SX  ,  SXX 
PUNCH  52, SY  »SYY 
PUNCH  52,SXY,DEN 
A= ( SY*SXX-SX*SXY )  *DEN 
B= ( FN*SXY-SY*SX )*DEN 
SD= ( SYY-A*SY-B*SXY ) /FN 
SB3=SD*DEN*FN 
SA=SD*SXX*DEN 
PUNCH  53 

53  FORMAT ( 50H  LEAST  SQUARES  ANALYSIS 
PUNCH  5  4 , A , S A 

54  FORMAT ( 5X 2HA= , El 6 . 9 , 5H ( + OR- , E 1 6 . 9 , 1 H ) ) 

PUNCH  5  5 , B  ,  SB 

55  FORMAT ( 5X 2HB= , E 1 6 . 9 , 5H ( +OR- , E 1 6 . 9 , 1 H ) ) 

PUNCH  56 

56  FORMAT ( 50H  Y=B*X+A 
GO  TO  1 

END 


■ 
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..I  J.GOLDAK  LEAST  SQUARES  ANALYSIS  922102E  SAVE  CARDS 
..LOAD  CARDS 

. 74068000E+01  . 66079341 E+0 1 

.87132537 E+01  . 90 32 08 70E+0 1 

•  673  38530E-t-01  . 2 1 6 8 8 5 8 6E+00 

LEAST  SQUARES  ANALYSIS 

A=  .  16700870E  +  01  (  -fOR-  .  35628972E-01  ) 

B=  -.85293617E+00 (+OR-  . 48 5 2 662 7E- 0 1 ) 

y=B*X+A 


9 


.4832 
.  5436 
.6442 
.7061 
.  8053 
.  8757 
1.0335 
1.1274 
1.1878 


3.2487 

3.3528 

2.5149 

4.3901 

2.4685 

2.5027 

2.1818 

1.9376 

1.9368 


. 
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..I  J.GOLDAK  DEBYE  TEMP  FROM  X-RAY  SLOP  922103  SAVE  CARDS 
..LOAD  FORTRAN  EXECUTE  DUMP 
100  FORMAT ( 2F20. 10 ) 

PUNCH  99 

99  FORMAT ( 1H1/1H5 ) 

1  READ  1 0 0  *  B  >  T 
PUNCH  100, B,T 
READ  100,  D , A 
PUNCH  100,  D , A 
PUNCH  80 

80  FORMAT ( 1H5 » 10HDEBYE  TEMP,11X14H  SLOPE  , 7X 1 4H ( OBS-COMP ) /OBS ) 

PUNCH  81 

81  FORMAT ( 3X42HOLD  NEW  OBSERVED  COMPUTED  ,///) 

5  Z  =  D  /  T 

DD 1 =Z*Z*0 .25 
U1=0.0 
DZ 1=Z*0.01 
7  DO  20  1=1,100 

Zl=z*( 1 .0+Z*0.5*( 1 . 0+Z*0. 33333333* ( 1 . 0+Z*0.25*( 1.0+Z*0.2 ) ) ) ) 

U1=U1  +Z*DZ1/Z1 

Z  =  Z-DZ 1 
20  CONTINUE 

W=  A* ( T*T*U1+DD1 ) / ( D*D*D ) 

6  FORMAT ( 10XE14. 8 ) 

V  = ( W-B )  /B 

V  = ABSF ( V ) 

D1=D*0.33333333*( 2.0+W/B  ) 

PUNCH  40  »  D  >  D1 , B , W , V 

40  FORMAT ( 1H0,2F7.2,2F13.8,F13.9) 

IF(V-0. 0001)1, 1,42 
42  D=  D 1 

GO  TO  5 
END 

.49497  300. 

445.  391.6114 


,/ 
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.42647000  300.00000000 

445.00000000  391.61140000 


DEBYE  T 
OLD 

EMP 

NEW 

SLOPE 

OBSERVED 

COMPUTED 

(OBS-COMP ) /OBS 

445.00 

438 . 36 

.42647000 

.40739621 

.04472481 

438.36 

436.88 

. 42647000 

.42214074 

.01015138 

436.88 

436.56 

.42647000 

.42553706 

.00218758 

436.56 

436.49 

.42647000 

.42627148 

.00046549 

436.49 

436.48 

.42647000 

.42642759 

.00009944 
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119.  The  running  time  for  this  program  is  about  thirty  seconds.  In  the 
output  and  input  data  from  experiment  number  40  shown  on  page  120,  B 
is  the  slope  and  the  standard  deviation  is  in  brackets. 

Having  determined  the  slope  it  is  necessary  to  solve  equation  116 
for  D.  Writing  equation  1  1 6  in  full 


-(12h2/mkD)D(x) 

(140) 

-( 12h  /mkD)(l /x?')(, 

d 

\  ( z/(expz-  l))dz+x2/4) 

(141) 

-(12ha/mkD3)T2  (  f 

z/  (expz-  l)dz+x2  /4) 

(142) 

d 


Equation  142  is  solved  for  D  by  the  Fortran  program  on  page  121, 
with  the  same  iterative  technique  used  for  the  ratio  method.  Actually 
this  program  uses  the  slope  from  the  relative  scattering  factor  rather 
than  its  square  vs. sin  0/W. 

The  data  necessary  to  solve  this  program  are  half  the  measured 
slope,  B,  the  specimen  temperature,  the  estimated  Debye  temperature, 
D,  and  a  constant  39  1 . 6 1 14  which  contains  the  factor  12h~/(mk).  The 
computer  time  required  is  approximately  three  minutes.  An  example 
of  the  output  from  this  program  is  shown  on  page  122. 

In  both  the  ratio  and  the  slope  methods,  the  integral  is  evaluated 
by  dividing  the  area  into  100  parts.  Very  little  improvement  is  expected 
by  using  smaller  divisions  because  z/(expz-l)  in  equation  142  varies  only 
slowly  (see  James  1958  p.224).  However,  computer  time  would  increase 
almost  linearly  with  the  increase  in  the  number  of  divisions  --a  fact 
which  would  not  discourage  investigators  who  use  large  computers. 


* 
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SUMMARY  OF  DEBYE  TEMPERATURE  DETERMINATIONS 
The  results  of  the  Debye  temperature  measurements  are  summa¬ 
rized  below  in  table  8  for  the  slope  method  and  on  page  125  for  the  ratio 
method.  The  program  used  to  summarize  the  results  from  the  ratio 
method,  which  was  written  by  Dr.  K.  W.  Smillie  of  the  computing  centre 
of  the  University  of  Alberta,  is  the  only  program  used  in  this  thesis  that 
was  not  written  by  the  author.  The  Debye  temperature  determinations 
from  all  experiments  are  listed  in  appendices  III  and  IV  for  the  ratio  and 
slope  methods  respectively. 

The  most  probable  value  of  the  Debye  temperature  from  the  ratio 
method  is  423.0±4K.  From  the  slope  method  the  most  probable  value 
is  451.30+9K  but  because  of  the  small  sample  size  (5  runs)  the  confidence 
limits  should  be  treated  cautiously. 

Table  8  Results  from  Slope  Method 


Run 

Slope 

T  emperature 

eD 

113 

0.27835 

77. 

228. 93 

130 

0. 29895 

77. 

222. 82 

40 

0.42647 

300. 

435. 52 

41 

0. 35452 

300. 

471. 77 

42 

0.41500 

300 

441. 54 

112 

0.35579 

300 

471.06 

127 

0. 42867 

300 

435. 52 

Ave  rage 
Std.  Dev. 


451. 27 
18. 5 
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I  J.GOLDAK 

AVERAGE  DEBYE 

TEMPERATURE  92210 

LOAD  CARDS 

RUN 

0 

5* 

X 

X 

* 

X 

XX 

* 

X 

XXX 

X 

* 

X 

XXX 

X 

* 

XX  XX 

XXXXXX  XX  X 

****************************** 


0 


1 


sample  size 

MINIMUM 

MAXIMUM 

RANGE 

CLASS  WIDTH 
MEAN 
MEDIAN 
MODE 

VARIANCE 
ST.  DEV. 
SKEWNESS 
KURTOSIS 

RUN  0 


28 

•  37597000E  +  00 

•  48 1 96000E  +  00 
.  10599000E  +  00 
. 52995000E-02 
• 42333392E+00 
.421 54570E+00 
.40511725E+00 
. 53785929E-03 
.23191793E-01 
. 58791777E+00 
•83011553E+00 


SAVE  CARDS 


OBS. 

theor. 

DI  FF. 

0 

0 

.6 

-.6 

1 

1 

•  4 

.6 

2 

1 

.  6 

.4 

3 

0 

.9 

-.9 

4 

0 

1 . 2 

-1.2 

5 

1 

1.5 

-.5 

6 

5 

1.9 

3.1 

7 

0 

2.2 

-2.2 

8 

3 

2.4 

•  6 

9 

5 

2.6 

2.4 

10 

4 

2.6 

1.4 

11 

1 

2.4 

-1.4 

12 

3 

2.2 

.8 

13 

1 

1 . 8 

-.8 

14 

0 

1  .5 

-1.5 

15 

0 

1  .  1 

-1.1 

16 

0 

.  8 

-.8 

17 

1 

.  6 

.4 

18 

1 

.  4 

.6 

19 

0 

.2 

-.2 

20 

1 

.  1 

.9 

21 

0 

.  2 

-.2 

28  28.2 
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DISCUSSION  OF  DEBYE  TEMPERATURE  DETERMINATIONS 

1.  LIMITATIONS  OF  DEBYE'S  THEORY 

The  real  spectrum  of  lattice  vibrations  in  crystals  (e.g.  Krumhansl, 
1959)  is  much  more  complex  than. that  suggested  by  Debye's  theory, 
which  assumes  an  isotropic  solid  with  no  dispersion,  maintained  at 
constant  volume.  Further,  Debye  assumes  a  cutoff  frequency  when  it 
is  really  a  cutoff  wavelength.  In  spite  of  these  assumptions,  Debye's 
theory  of  lattice  vibrations  is  still  the  most  useful.  However  its  limi¬ 
tations  must  be  kept  in  mind. 

2.  COMPARISON  OF  SLOPE  AND  RATIO  METHODS 

(a)  The  Slope  Method 

The  slope  method  requires  a  knowledge  of  the  crystal  structure, 

which  reduces  its  usefulness  for  complex  structures.  Also  a  knowledge 

to  the  theoretical  atomic  scattering  factor  is  required,  which  generally 

is  not  considered  a  serious  weakness.  However,  this  method  compares 

o  o 

data  obtained  from  a  relatively  large  angular  range  (25  to  55  theta  in 
this  thesis)  which  causes  two  problems:a  lignment  and  extinction' error s 
could  be  significant  over  such  a  range;  and  the  problem  of  isolating  the 
Bragg  scattering  is  more  serious.  If  the  Bragg  scattering  is  not  isolated 
correctly  it  is  likely  that  the  error  is  angle  dependent  and  will  cause 
errors  in  the  slope.  It  is  desirable  to  use  a  specimen  with  crystallites 
oriented  at  random  --  this  is  extremely  difficult  to  achieve  and  ascertain 
experimentally.  If  a  sufficently  large  number  of  different  reflections 
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are  considered,  it  is  possible  that  this  error  would  not  be  serious. 

The  slope  method  does  not  require  a  knowledge  of  the  temperature 
dependence  of  the  Debye  temperature.  This  is  usually  considered  to  be 
(e.g.  Herbstein  and  Smuts  (1963)  the  most  important  advantage  of  this 
method.  It  is  true  that  Debye's  theory  neglects  thermal  expansion.  If 
Gazzara  and  Middleton's  (1961)  equation  (which  is  a  gross  approximation) 
is  used,  the  change  in. the  Debye  temperature  of  nickel  is  12K,  with  a 
temperature  change  from  77K  to  300K. 

Dr(  =  Dra(l+oc*T(Tl-T2))  (143) 

where  Dyj  -  Debye  temperature  at  T 1 

D.j*2_  -  Debye  temperature  at  T2 

oc  -  Coefficient  of  volume  expansion,  37.5  E-6  for 
nickel . 

X  -  Gruneisen's  constant  -  1.9  for  nickel 

7T  -  "Explicit  temperature  function"  -  Gazzara' s  value 
of  4.  1  for  iron  is  used  for  nickel. 

Dr/  =D72*1.03 

The  principal  disadvantage  to  the  slope  method,  at  least  for  powder 
specimens,  is  difficulty  of  isolating  the  Bragg  scattering.  The  two  de¬ 


terminations  at  77K  listed  in  table  8,  which  lead  to  Debye  temperatures 
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of  223  and  229  K  compared  to  an  average  of  451  for  determinations  at 
300K  emphasize  this  problem. 

(b)  The  Ratio  Method 

The  temperature  dependence  of  the  Debye  temperature  is  not 
accommodated  by  the  ratio  method;  and  this  is  the  principal  criticism 
of  the  method.  However,  Gazzara's  formula  suggests  the  change  in  the 
Debye  temperature  of  nickel  caused  by  a  temperature  change  from  77K 
to  300K  is  only  12K.  In  the  author's  opinion  the  uncertainty  in  the  Debye 
temperature  due  to  the  error  in  separating  the  Bragg  scattering  from 
the  background  is  much  more  important  and  more  difficult  to  assess. 

In  the  ratio  method  this  error  is  to  some  extent  compensating.  Further, 
from  two  scans  in  this  work,  one  at  77K  and  one  at  300K,  nine  values  of 
0D  are  determined  by  the  ratio  method  compared  to  only  two  by  the  slope 
method. 

For  the  experimental  circumstances  pertaining  to  this  work,  the 
ratio  method  is  believed  to  be  superior  to  the  slope  method.  The  value 
of  the  Debye  temperature  of  nickel  determined  in  this  work  is  taken  as 
423±4K.  The  confidence  limits  are  a  measure  of  the  precision  of  the 
data  and  the  consistency  of  the  method  used  to  isolate  the  Bragg  scattering, 
but  do  not  necessarily  represent  the  accuracy. 


:  ias  qm  >  > 
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DEBYE  TEMPERATURE  OF  NICKEL  DETERMINED  BY 
VARIOUS  METHODS 

It  is  useful  to  compare  the  Debye  temperature  determined  by 
various  methods  given  in  table  9. 

Table  9.  Debye  Temperatures  of  Nickel 


00 

Method 

Refer  ence 

441. ±15 

specific  heat 

Rayne  and  Kemp  1956 

390 

specific  heat 

Rayne  and  Kemp  1956 

456 

Kittel  19  56 

476 

elastic  constants 

Alers  and  Neighbors  1959 

460 

elastic  constants 

Alers  et  al  1959 

434 

Young's  modulus 

Koster  1954 

3  66 

slope  method 

Iveronova  et  al  19  51 

341 

ratio  method 

Ilynia  and  Kritskaya  1955 

420 

ratio  method 

Zhuravlev  and  Katsnelson  1959 

423. ±4 

ratio  method 

this  work 

410 

thermal  expansion 

Nix  and  MacNair  1941 

413-437 

Mossbauer  effect 

Obenshain  and  Wegener  1961 

AVERAGE 

418 

While  it  is  difficult  to  assess  the  significance  of  the  average  value 
418,  in  table  9,  it  is  satisfying  to  see  the  close  agreement  with  the  value 
determined  by  the  work  in  this  thesis.  One  of  the  main  reasons  for  the 


toq  ti 
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scatter  in  the  results  listed  in  table  9,  is  that  in  each  case  the  Debye 
temperature  is  a  parameter  that  provides  a  best  fit  between  theory  and 
experiment.  Without  considering  each  method  in  detail,  it  is  clear  that 
the  accuracy  of  the  Debye  temperatures  in  table  9  is  not  high. 

(a)  Effect  of  Cold  Work  on  the  Debye  Temperature 

The  Debye  temperature  determined  from  the  temperature  factor 
is  a  parameter  such  that  equation  112  is  satisfied.  A  similar  equation  is 
used  to  determine  the  Debye  temperature  from  the  specific  heat.  In  both 
cases  the  integration  limits  are  zero  and  the  cutoff  frequency  wm  ,  which 
imply  a  range  of  wavelengths  from  infinity  to  ZttV/w,^  .  However,  the 
maximum  wavelength  is  limited  by  the  dimensions  of  the  crystal.  If  the 
crystal  is  very  small  the  integration  should  be  from  some  mimimum 
frequency,  say,  v^,  to  w^  .  Therefore,  it  is  conceivable  that  the  Debye 
temperature  is  a  function  of  size  for  very  small  crystals.  If  the  effect 
of  cold  work  is  considered  to  at  least  in  part  reduce  effective  crystal 
size,  it  is  possible  that  cold  work  will  alter  the  Debye  temperature. 

There  is  a  second  aspect  to  this  problem  which  is  much  more 
difficult  to  assess.  Cold  work  changes  the  distribution  of  interatomic 
distances  in  a  crystal.  If  the  potential  energy  is  not  a  symmetric  function 
over  the  range  of  interatomic  distances  involved!,  the  frequency  distribution 
function  itself  may  be  changed,  which  could  change  the  Debye  temperature. 

Specific  heat  measurements  Martin  (I960)  down  to  0.  7  K  on  copper 
cold  worked  at  room  temperature  showed  a  slight  increase  (  +  0.  15  percent) 
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specific  heat  and  hence  a  decrease  in  the  Debye  temperature.  However, 
the  cold  worked  copper  may  have  recovered  considerably  at  room  temp- 
ature.  Further,  Druyvesteyn  (  1962)  found  the  Young's  modulus  of  cold 
worked  copper  to  decrease  as  much  as  13  percent  at  low  temperatures. 
He  noted  that  the  copper  recovered  considerably  at  room  temperature. 
Because  the  Debye  temperature  can  be  related  to  the  Young's  modulus, 
this  result  suggests  that  the  Debye  temperature  of  cold  worked  metal 
should  be  changed.  The  different  values  of  thermal  expansion  of  cold 
worked  and  annealed  speciments  listed  on  page  55  offer  some  support 
to  this  view.  However  because  cold  work  alters  the  Bragg  profile,  the 
Bragg  scattering  cannot  be  isolated  from  the  background  with  sufficient 
accuracy  to  detect  a  difference  in  the  Debye  temperature  of  cold  worked 


nickel,  if  such  a  difference  exists. 
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CONCLUSIONS 

1.  An  x-ray  diffraction  system  --  XRAS  --  has  been  designed  and 
constructed  that  is  capable  of  measuring  intensities  with  a  precision  ap¬ 
proaching  0.  1  percent  and  lattice  parameters  with  an  accuracy  of  the 
order  of  0.0001A  and  somewhat  higher  precision.  The  operation  is  auto¬ 
matic  and  data  recorded  on  IBM  cards  and  processed  by  a  computer.  The 
optical  path  is  contained  in  a  high  vacuum  (E-6  mm  of  Hg)  chamber  and 
the  specimen  temperature  can  be  varied  from  77  K  to  700  K. 

2.  The  Debye  temperature  of  nickel  determined  in  this  thesis  by  the 
ratio  method  from  28  experiments  is  423.  -  4K.  The  error  represents 
the  precision  of  the  data  and  the  method  of  isolating  the  Bragg  scatter¬ 
ing  rather  than  the  accuracy.  The  slope  method  at  300°K  yielded  a  value 
of  451.  K  but  because  of  the  difficulty  of  isolating  the  Bragg  scattering 
from  the  background,  the  value  is  not  believed  to  be  accurate. 

3.  While  it  is  likely  that  the  Debye  temperature  of  nickel  is  changed 
by  cold  work,  the  change  is  too  small  to  be  detected  because  of  the  diff¬ 
iculty  in  isolating  the  Bragg  scattering  from  the  background. 
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Data  from  XRAS  for  Experiment  100 


This  appendix  is  presented  as  an  example  of  the  data  by  XRAS.  Each  line 
of  data  is  recorded  on  one  IBM  card  by  XRAS  in  the  format  shown  in  figure  14  p.  50. 
The  operating  conditions  for  this  experiment  are  as  follows:  molybdenumtube 


operated  at  40  kv  and  15  ma;  zirconium  filter  with  1 . 0  slit  system:  vacuum  of 


E-6  mm  of  Hg;  specimen  temperature  is  300  K;  starting  angle  is  99.  00  two 
theta  and  the  stopping  angle  is  107.99  two  theta. 
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00544 

005470 

000071 

005480 

000061 

00549 

005520 

000070 

005530 

00O056 

00554 

005570 

000066 

005580 

000058 

005  59 

no  5  62  0 

000060 

005630 

000062 

00564 

005670 

000060 

005680 

000076 

0  0569 

'''>05720 

000058 

005730 

000076 

00574 

005770 

000057 

005780 

000056 

005  79 

005820 

000070 

005830 

000066 

00584 

005870 

000066 

005880 

000066 

00589 

005920 

000059 

005930 

000053 

00594 

005970 

000060 

005980 

000081 

00599 

006020 

000061 

006030 

000062 

00604 

006070 

000066 

006080 

000061 

00609 

006120 

000070 

006130 

000057 

00614 

006170 

000070 

006180 

000066 

00619 

006220 

000066 

006230 

000066 

00624 

006270 

000066 

006280 

000062 

00629 

006320 

000069 

006330 

00O068 

00634 

006370 

000067 

006380 

000063 

00639 

006420 

000066 

006430 

000072 

00644 

006470 

000068 

006480 

000066 

00649 

006520 

000069 

006530 

000073 

00654 

006570 

000067 

006580 

000066 

00659 

006620 

000069 

006630 

000058 

00664 

006670 

000070 

006680 

000060 

00669 

006720 

000061 

006730 

000057 

00674 

006770 

000066 

006780 

000067 

00679 

006820 

000060 

006830 

000072 

00684 

006870 

000058 

006880 

000067 

00689 

006920 

000066 

006930 

000070 

00694 

006970 

000050 

006980 

000077 

00699 

008920 

000057 

008930 

000077 

00894 

008970 

000083 

008980 

000078 

00899 
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APPENDIX  II 

The  Corrected  Intensity  from  all  Experiments 

The  corrected  intensities,  which  are  listed  here  for  all  experi¬ 
ments  referred  to  in  this  thesis,  are  obtained  by  dividing  the  data  from 
XRAS  (such  as  shown  in  appendix  I)  by  the  Lo rentz -polarization  and 
theoretical  atomic  scattering  factor  squared.  The  first  line  for  each 
experiment  starts  on  a  new  page  with  .  I"  and  is  followed  by  a  set  of 
numbers  which  briefly  describe  the  experiment.  For  example,  the 
first  line  on  page  5  is 

..I  40  Z80 1  45.00 

This  indicates  experiment  40,  with  specimen  Z801  and  the  scan 
started  at  45. 00  two  theta.  The  procedure  and  the  Fortran  program 
that  perform  this  correction  are  described  in  detail  on  pages  108  to  1 1 1 
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. . I  40  2801  45  00 

••BRANCH  0040R 


THETA  INTEGRATED 

INTENS I TY 

RATE  OF 

PROBABLE 

INTENSITY 

CHANGE 

ERROR 

22.749 

5.540 

5 . 540 

1.000 

.010 

92.26 

22.999 

1 1.458 

5.918 

.063 

.010 

5.95 

23.249 

17.870 

6.412 

.077 

.010 

7.32 

23.499 

24.313 

6.442 

.004 

.010 

.43 

23.749 

42.449 

18.135 

•  644 

.006 

98.54 

23. 999 

56.160 

13.711 

-.322 

.007 

-41.95 

24.249 

62.577 

6.416 

-1.136 

.011 

-98.91 

24.499 

68.845 

6.268 

-.023 

.011 

-1.99 

24.749 

75.313 

6.468 

.030 

.011 

2.58 

24.999 

81.901 

6 . 587 

.018 

.012 

1.49 

25.249 

89.334 

7.432 

.113 

.011 

9.75 

25.499 

98.866 

9.531 

.220 

.010 

21.00 

25.749 

109.551 

10.685 

.107 

.010 

10.70 

25.999 

155.690 

46.138 

.  768 

.004 

155.31 

26.249 

208.739 

53.049 

.130 

.004 

27.71 

26.499 

224.624 

15.885 

-2.339 

.008 

-267.31 

26.749 

277.866 

53.242 

.701 

.004 

144.07 

26.999 

323.298 

45.432 

-.171 

.005 

-32.00 

27.249 

337.387 

14.088 

-2.224 

.009 

-226.46 

27.499 

349.767 

12.380 

-.138 

.010 

-12.92 

27.749 

361.811 

12.043 

-.027 

.011 

-2.53 

27.999 

374.017 

12.205 

.013 

.011 

1.19 

28.249 

385.699 

11.682 

-.044 

.011 

-3.86 

28.499 

397.568 

11.869 

.015 

.011 

1 . 34 

28.749 

410.658 

13.089 

.093 

.011 

8.19 

28.999 

424.688 

14.029 

.067 

.011 

5.98 

29.249 

439.461 

14.773 

.050 

.011 

4.53 

29.499 

478.502 

39.040 

.621 

.006 

89.36 

29.749 

536.516 

58.014 

.327 

.005 

56.29 

29.999 

555.801 

19.285 

-2.008 

.010 

-196.07 

30.249 

570.444 

14.642 

-.317 

.011 

-26.56 

30.499 

585.344 

14.900 

.017 

.012 

1.43 

30.749 

601 . 324 

15.979 

.067 

.011 

5.73 

30.999 

618.207 

16.882 

.053 

.011 

4.59 

31.249 

636.119 

17.911 

.057 

.011 

5.01 

31.499 

689.333 

53.214 

•  66  3 

.006 

98.22 

31 . 749 

755.113 

65.779 

.191 

.006 

30.98 

31.999 

779.340 

24.227 

-1.715 

.010 

-166.33 

32.249 

796.762 

17.421 

-.390 

.012 

-31.65 

32.499 

813.587 

16.825 

-.035 

.012 

-2.78 

32.749 

830.247 

16.660 

-.009 

.012 

-.76 

32.999 

846.109 

15.861 

-.050 

.013 

-3.72 

33.249 

862.198 

16.089 

.014 

.013 

1 . 04 

. 
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33.499 

878.379 

16.180 

.005 

.013 

.40 

33.749 

895.292 

16.912 

.043 

.013 

3.17 

33.999 

915.665 

20.373 

.169 

.012 

13.45 

34.249 

933.1 00 

17.434 

-.168 

.013 

-12.18 

34.499 

95  1.917 

18.817 

.073 

.013 

5  •  44 

34.749 

990.587 

38.669 

.513 

.009 

53.77 

34.999 

1021.247 

30.660 

-.261 

.010 

-24.07 

35.249 

1041.626 

20.379 

-.504 

.013 

-37.46 

35.499 

1063.759 

22.132 

.079 

.013 

6.06 

35.749 

1086.636 

22.877 

.032 

.013 

2.50 

35.999 

1111.092 

24.455 

.064 

.012 

5.07 

36.249 

1138.218 

27.126 

.098 

.012 

8.05 

36.499 

1206.998 

68.779 

.605 

.007 

77.99 

36.749 

1293.069 

86.071 

.200 

.007 

28.62 

36.999 

1 348.980 

55.910 

-.539 

.008 

-61.25 

37.249 

1425.723 

76.743 

.271 

.007 

35.72 

37.499 

1477.565 

51 .842 

-.480 

.009 

-51.38 

37.749 

1505.310 

27.745 

-.868 

.012 

-67.25 

37.999 

1531.850 

26.539 

-.045 

.013 

-3.40 

38.249 

1557.500 

25.650 

-.034 

.013 

-2.52 

38.499 

1584.129 

26.628 

.036 

.013 

2.70 

38.749 

161 1 .164 

27.035 

.015 

.013 

1.10 

38.999 

1638.449 

27.285 

.009 

.013 

.66 

39.249 

1666.368 

27.918 

.022 

.013 

1.65 

39.499 

1713.756 

47.388 

.410 

.010 

38.68 

39.749 

1763.464 

49.708 

•  046 

.010 

4.45 

39.999 

1805.006 

41 . 541 

-.196 

.011 

-17.01 

40.249 

1834.087 

29.080 

-.428 

.013 

-30.77 

40.499 

1862.774 

28.686 

-.013 

.014 

-.97 

40.749 

1891.878 

29.104 

.014 

.014 

1.01 

40.999 

192  1.864 

29.986 

.029 

.014 

2.09 

41.249 

1967.535 

45.671 

.343 

.011 

29.92 

41.499 

2021.233 

53.698 

.  149 

.010 

14.01 

41 .749 

2071.794 

50.560 

-.062 

.011 

-5.60 

41.999 

2134.467 

62.672 

.193 

.010 

19.27 

42.249 

2183.851 

49.383 

-.269 

.011 

-23.65 

42.499 

2216.734 

32.883 

-.501 

.014 

-35.73 

42.749 

2246.906 

30.172 

-.089 

.014 

-6.08 

42.999 

2276.889 

29.982 

-.006 

.014 

-.42 

43.249 

2307.875 

30.986 

.032 

.014 

2.19 

43.499 

2338.149 

30.273 

-.023 

.015 

-1.56 

43.749 

2369.107 

30.958 

.022 

.014 

1.47 

43.999 

2400.034 

30.926 

-.001 

.015 

-.06 

44.249 

2441.030 

40.996 

.245 

.013 

18.66 

44.499 

2477.983 

36.952 

-.109 

.013 

-7.85 

44.749 

2513.867 

35.884 

-.029 

.014 

-2.09 

44.999 

2548.438 

34.571 

-.037 

.014 

-2.60 

. 
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45.249 

2583.389 

34.950 

.010 

.014 

.74 

45.499 

2619.413 

36.024 

.029 

.014 

2.06 

45 . 749 

2660.045 

40.631 

.113 

.013 

8.30 

45.999 

2750.859 

90.814 

.552 

.009 

60.24 

46.249 

281 1.000 

60.141 

-.510 

.011 

-45.05 

46.499 

2886.743 

75.742 

.205 

.010 

20.33 

46.749 

2941.737 

54.994 

-.377 

.011 

-31.60 

46.999 

2993.941 

52.204 

-.053 

.012 

-4.34 

47.249 

3033.264 

39.323 

-.327 

.014 

-23.02 

47.499 

3071.525 

38.260 

-.027 

.014 

-1.91 

47.749 

3110.689 

39.164 

.023 

.014 

1.60 

47.999 

3149.439 

38.750 

-.010 

.014 

-.73 

48.249 

3189.106 

39.666 

.023 

.014 

1.60 

48.499 

3229.938 

40.832 

.028 

.014 

2.00 

48.749 

3280.766 

50.828 

.196 

.012 

15.40 

48.999 

3371.088 

90.321 

.437 

.009 

45.51 

49.249 

3435.795 

64.707 

-.395 

.011 

-34.77 

49.499 

3488.385 

52.590 

-.230 

.012 

-18.20 

49.749 

3532.617 

44.232 

-.188 

.013 

-13.65 

49.999 

3576.1 56 

43.538 

-.015 

.013 

-1.13 

50.249 

3619.962 

43.806 

.006 

.013 

.43 

50.499 

3674.895 

54.932 

.202 

.012 

16.20 

50.749 

3787.126 

112.231 

.510 

.008 

58.25 

50.999 

3855.607 

68.480 

-.638 

.011 

-56.83 

51 . 249 

392 1.031 

65.424 

-  •  046 

.011 

-4.05 

51.499 

3965.143 

44.111 

-.483 

.014 

-34.38 

51.749 

4004.243 

39.100 

-.128 

.014 

-8.57 

51.999 

4044.163 

39.919 

.020 

.014 

1.38 

. 
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..I  41  2801 

..BRANCH  0040R 


THETA  INTEGRATED 

INTENSITY 

RATE  OF 

PROBABLE 

INTENSITY 

CHANGE 

ERROR 

22.749 

5.667 

5.667 

1.000 

.010 

93.31 

22.999 

1 1 .593 

5.926 

.043 

.010 

4.08 

23.249 

18.028 

6.435 

.079 

.010 

7.52 

23.499 

24.687 

6.658 

.033 

.010 

3.17 

23.749 

42.941 

18.254 

.635 

.006 

97.41 

23.999 

56.854 

13.913 

-.312 

.007 

-40.86 

24.249 

63.449 

6.595 

-1.109 

.011 

-97.89 

24.499 

69.936 

6.486 

-.016 

.011 

-1.42 

24.749 

76.521 

6.584 

.014 

.011 

1.25 

24.990 

83.130 

6.617 

.004 

.012 

.41 

25.249 

Q  0 • 62  0 

7.481 

.115 

.011 

9.93 

25.499 

100.385 

9.764 

.233 

.010 

22.57 

25.749 

111.312 

10.927 

.106 

.009 

10.66 

25.999 

159.625 

48 .312 

.773 

.004 

160.05 

26.249 

213.390 

53.765 

.101 

.004 

21.72 

26.499 

229.323 

15.932 

-2.374 

.008 

-271.72 

26.749 

362.986 

133.663 

.880 

.003 

286.56 

26.999 

453.631 

90.644 

-.474 

.  003 

-124.82 

27.249 

468.164 

14.533 

-5.236 

.  009 

-541. 44 

27.499 

487.560 

19.395 

.250 

.008 

29.39 

27.749 

500.031 

12.470 

-.555 

.010 

-51.25 

27.999 

512.135 

12.104 

-.030 

.011 

-2.70 

28.249 

524.559 

12.423 

.025 

.011 

2.28 

28.499 

536.735 

12.176 

-.020 

.011 

-1.75 

28.749 

550.488 

13.752 

.114 

.011 

10.32 

28.999 

565.005 

14.517 

.052 

.011 

4.78 

29.249 

580.144 

15.138 

.041 

.010 

3.74 

29.499 

620.415 

40.270 

.624 

.006 

91.12 

29.749 

677.937 

57.521 

.299 

.005 

51.39 

29.999 

697.407 

19.470 

-1.954 

.010 

-191.72 

30.249 

712.436 

15.029 

-.295 

.011 

-25.08 

30.499 

727.176 

14.739 

-.019 

.012 

-1.62 

30.749 

743.774 

16.598 

.111 

.011 

9.68 

30.999 

760.830 

17.055 

.026 

.011 

2.31 

31 . 249 

778.921 

18.091 

.057 

.011 

5.01 

31.499 

832.056 

53.134 

.659 

.006 

97.58 

31 . 749 

896.900 

64.843 

.180 

.  006 

29.07 

31.999 

920.823 

23.923 

-1.710 

.010 

-164.84 

32.249 

938.175 

17.351 

-.378 

.012 

-30.63 

32.499 

954.823 

16.647 

-.042 

.012 

-3.30 

32.749 

971.114 

16.291 

-.021 

.013 

-1.66 

32.999 

986.867 

15.752 

-.034 

.013 

-2.52 

33.249 

1003.040 

16.172 

.025 

.013 

1.91 

. 

33.499 

1019.089 

16.049 

-.007 

.013 

9. 

-.55 

33.749 

1035.784 

16.694 

.038 

.013 

2.81 

33.999 

1052.849 

17.065 

.021 

.013 

1.57 

34.249 

1070.103 

17.253 

.010 

.013 

.78 

34.499 

1088.998 

18.895 

.086 

.013 

6.45 

34.749 

1127.249 

38.250 

.505 

.009 

52.71 

34.999 

1158.572 

31.323 

-.221 

.010 

-20.60 

35.249 

1178.957 

20.385 

-.536 

.013 

-39.85 

35.499 

1200.477 

21.520 

.052 

.013 

3.97 

35.749 

1223.185 

22.708 

.052 

.013 

4.00 

35.999 

1248.004 

24.819 

•  Or  5 

.012 

6.73 

36.249 

1274.678 

26.673 

.069 

.012 

5.63 

36.499 

1342.838 

68.160 

.608 

.007 

78.03 

36.749 

1429.149 

86.310 

.210 

.007 

30.00 

36.999 

1484.623 

55.474 

-.555 

.008 

-62.87 

37.249 

1559.396 

74.773 

.258 

.007 

33.52 

37.499 

1611.741 

52.344 

-.428 

.009 

—46.06 

37.749 

1639.507 

27.765 

-.885 

.012 

-68.57 

37.999 

1665.097 

25.589 

-.085 

.013 

-6.25 

38.249 

1690.424 

25.326 

-.010 

.013 

-.75 

38.499 

1716.686 

26.262 

.035 

.013 

2.59 

38.749 

1743.056 

26.369 

.004 

.013 

.29 

38.999 

1769.967 

26.911 

.020 

.013 

1.45 

39.249 

1798.115 

28.147 

.043 

.013 

3.21 

39.499 

1846.311 

48.196 

.415 

.010 

39.50 

39.749 

1895.795 

49.483 

.026 

.010 

2.47 

39.999 

1936.942 

41.146 

-.202 

.011 

-17.45 

40.249 

1966.138 

29.196 

-.409 

.013 

-29.45 

40.499 

1995.210 

29.071 

-.004 

.014 

-.30 

40.749 

2024.380 

29.170 

.003 

.014 

.23 

40 .999 

2054.960 

30.579 

.046 

.013 

3.31 

41.249 

210 1.404 

46 . 444 

.341 

.011 

30.01 

41 .499 

2155.956 

54.552 

.148 

.010 

14.04 

41.749 

2208.520 

52.563 

-.037 

.010 

-3.48 

41.999 

2269.839 

61.318 

.  142 

.010 

14.08 

42.249 

2318.313 

48.474 

-.264 

.011 

-23.07 

42.499 

2350.250 

31.937 

-.517 

.014 

-36.33 

42.749 

2380.442 

30.192 

-.057 

.014 

-3.91 

42.999 

2409.865 

29.423 

-.026 

.015 

-1.73 

43.249 

2439.990 

30.125 

.023 

.014 

1.55 

43.499 

2470.901 

30.910 

.025 

.014 

1 . 70 

43.749 

2502.798 

31.897 

.030 

.014 

2.09 

43.999 

2533.115 

30.316 

-.052 

.015 

-3.42 

44.249 

2574.072 

40.956 

.259 

.013 

19.73 

44.499 

2610.471 

36.399 

-.125 

.014 

-8.91 

44.749 

2646.250 

35.778 

-.017 

.014 

-1.21 

44.999 

268 1.276 

35.025 

-.021 

.014 

-1.48 

. 
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45.249 

2715.108 

33.832 

-.035 

.014 

-2.38 

45.499 

275  1.409 

36.301 

.068 

.014 

4.73 

45.749 

2792.422 

41.012 

.114 

.013 

8.45 

45.999 

2883.315 

90.893 

•  548 

.009 

59.86 

46.249 

2942.185 

58.870 

-.543 

.011 

-47 .54 

46.499 

3018.298 

76.113 

.226 

.010 

22.41 

46.749 

3071.673 

53.374 

-.426 

.012 

-35.15 

46.999 

3123.612 

51.938 

-.027 

.012 

-2.24 

47.249 

3162.694 

39.082 

-.328 

.014 

-23.05 

47.499 

3201.827 

39.133 

.001 

.014 

.09 

47.749 

3241.144 

39.316 

.004 

.014 

.32 

47.999 

3279.578 

38.434 

-.022 

.014 

-1.57 

48.249 

3319.594 

40.015 

.039 

.014 

2.76 

48.499 

3360.799 

41.205 

.028 

.014 

2.04 

48 .749 

3411.913 

51.113 

.  193 

.012 

15.22 

48.999 

3^02.845 

90.932 

.437 

.009 

45.73 

49.249 

3569.360 

66.514 

-.367 

.011 

-32.70 

49.499 

3621.990 

52.630 

-.263 

.012 

-20.84 

49.749 

3666.536 

44 .545 

-.181 

.013 

-13.16 

49.999 

3710.324 

43.787 

-.017 

.013 

-1 . 24 

50.249 

3754.013 

43.688 

-.002 

.013 

-.16 

50.499 

3810.481 

56.468 

.226 

.012 

18.35 

50.749 

3925.742 

115.261 

.510 

.008 

58.98 

50.999 

3994.993 

69.251 

-.664 

.011 

-59.44 

51.249 

4063.307 

68.313 

-.013 

.011 

-1.21 

51 .499 

4107.966 

44.659 

-.529 

.013 

-37.93 

51.749 

4150.021 

42.054 

-.061 

.014 

-4.29 

51.999 

4191.033 

41.012 

-.025 

.014 

-1.74 

52.249 

4231.836 

40.802 

-.005 

.014 

-.35 

52.499 

4270.889 

39.053 

-.044 

.014 

-2.98 

52.749 

431  1.161 

40.272 

.030 

.014 

2.04 

52.999 

4350.518 

39.356 

-.023 

.014 

-1.55 

53.249 

4392.396 

41.878 

.060 

.014 

4.15 

53.499 

4435.157 

42.760 

.020 

.014 

1.43 

53.749 

4480.343 

45.186 

.053 

.013 

3.84 

53.999 

4523.618 

43.274 

-.044 

.014 

-3.09 

■ 

11. 


..I  42  2801 

. .BRANCH  0040R 


THETA  INTEGRATED 

INTENSITY  RATE 

OF 

PROBABLE 

INTENSITY 

CHANGE 

ERROR 

22.749 

5.779 

5.779 

1.000 

.010 

94.23 

22.999 

1 1 .854 

6.074 

.048 

.010 

4.58 

23.249 

18.394 

6.539 

.071 

.010 

6.82 

23.499 

25.147 

6.753 

.031 

.010 

3.01 

23.749 

44.073 

18.926 

•  643 

.006 

100.42 

23.999 

57.723 

13.649 

-.386 

.007 

-50.14 

24.249 

64.257 

6.533 

o 

cc 

o 

• 

1 — 1 

.011 

-95.62 

24.499 

70.695 

6.438 

-.014 

.011 

-1.26 

24.749 

77.306 

6.611 

.026 

.011 

2.22 

24.999 

84.176 

6.870 

.037 

.011 

3.17 

25.249 

91.943 

7.766 

.115 

.011 

10.13 

25.499 

101.624 

9.680 

.197 

.010 

19.00 

25.749 

112.717 

11.092 

.127 

.009 

12.85 

25.999 

164.466 

51.749 

.785 

.004 

168.17 

26.249 

216.513 

52.046 

.005 

.004 

1.20 

26.499 

232.764 

16.251 

-2.202 

.008 

-254.55 

26.749 

290.601 

57.836 

.719 

.004 

153.87 

26.999 

335.683 

45.081 

-.282 

.005 

-52.47 

27.249 

350.017 

14.334 

-2.145 

.009 

-220.24 

27.499 

363.018 

13.001 

-.102 

.010 

-9.84 

27.749 

375.655 

12.637 

-.028 

.010 

-2.67 

27.999 

388.056 

12.400 

-.019 

.011 

-1.72 

28.249 

400.269 

12.213 

-.015 

.011 

-1.35 

28.499 

412.483 

12.213 

0.000 

.011 

0.00 

28.749 

425.953 

13.469 

.093 

.011 

8.31 

28.999 

440.422 

14.469 

.069 

.011 

6.27 

29.249 

455.827 

15.404 

•  0  6  0 

.010 

5.58 

29.499 

501 .006 

45.178 

.659 

.006 

101.91 

29.749 

556.035 

55.028 

.178 

.005 

30.00 

29.999 

574.603 

18 . 568 

-1.963 

.010 

-188.10 

30.249 

590.002 

15 . 398 

-.205 

.011 

-17.68 

30.499 

605.412 

15.409 

0.000 

.011 

.06 

30.749 

621.854 

16.442 

.062 

.011 

5.40 

30.999 

639.062 

17.208 

.044 

.011 

3.86 

31.249 

657.045 

17.983 

.043 

.011 

3.76 

31.499 

715.670 

58.624 

.693 

.006 

107.73 

31 . 749 

777.670 

61.999 

.054 

.006 

8.56 

31.999 

800.659 

22.989 

-1.696 

.010 

-160.31 

32.249 

818.223 

17.564 

-.308 

.012 

-25.13 

32.499 

835.003 

16.779 

-.046 

.012 

-3.66 

32.749 

851.694 

16.691 

-.005 

.012 

-.40 

32.999 

867.543 

15.849 

-.053 

.013 

-3.92 

33.249 

883.606 

16.062 

.013 

.013 

.  97 

, 

12 


33.499 

899.649 

16.042 

-.001 

.013 

i 

. 

o 

33.749 

916.766 

17.117 

.062 

.013 

4.62 

33.999 

934.242 

17.475 

.020 

.013 

1 .50 

34.249 

952.098 

17.855 

.021 

.013 

1.55 

34.499 

971.212 

19.114 

.065 

.013 

4.91 

34.749 

1010.939 

39.727 

.518 

.009 

55.09 

34.999 

1042.008 

31.068 

-.278 

.010 

-25.85 

35.249 

1062.632 

20.624 

-.506 

.013 

-37.83 

35.499 

1084.535 

21.903 

.058 

.013 

4.44 

35.749 

1107.582 

23.046 

.049 

.012 

3.82 

35.999 

1132.791 

25.209 

.085 

.012 

6.84 

36.249 

1160.281 

27.490 

.082 

.012 

6.83 

36.499 

1232.562 

72.280 

.619 

.007 

81.81 

36.749 

1318.059 

85.497 

.154 

.007 

21.94 

36.999 

1 372.576 

54.516 

-.568 

.008 

-63.72 

37.249 

1 448.843 

76.267 

.285 

.007 

37.41 

37.499 

1501.004 

52.161 

-.462 

.009 

-49.59 

37.749 

1528.880 

27.876 

-.871 

.012 

—67.61 

37.999 

1554.811 

25.930 

-.075 

.013 

-5.55 

38.249 

1580.830 

26.018 

.003 

.013 

.24 

38.499 

1607.135 

26.304 

.010 

.013 

.79 

38.749 

1633.429 

26.294 

0.000 

.013 

-.02 

38.999 

1659.750 

26.321 

.001 

.013 

.07 

39.249 

1687.648 

27.897 

.056 

.013 

4.12 

39.499 

1739.039 

51 . 390 

.457 

.010 

44.82 

39.749 

1786.420 

47.381 

-.084 

.010 

-7.89 

39.999 

1825.337 

38.917 

-.217 

.011 

-18.22 

40.249 

1853.952 

28.614 

-.360 

.014 

-25.65 

40.499 

1882.298 

28 . 346 

-.009 

.014 

-  .  66 

40.749 

191 1.295 

28.997 

.022 

.014 

1 .58 

40.999 

1941.186 

29.891 

.029 

.014 

2.12 

41.249 

1990.815 

49.628 

.397 

.011 

36.12 

41.499 

2042.521 

51.705 

.040 

.010 

3.69 

41.749 

2091.252 

48.730 

-.061 

.011 

-5.41 

41.999 

2152.074 

60.822 

.198 

.010 

19.53 

42.249 

2200.583 

48 . 509 

-.253 

.011 

-22.11 

42 .499 

2232.443 

31.859 

-.522 

.014 

-36.63 

42 .749 

2261.675 

29.232 

-.089 

.014 

-5.99 

42.999 

2291.218 

29.543 

.010 

.015 

.70 

43.249 

2321.601 

30.382 

.027 

.014 

1.85 

43.499 

235 1.699 

30.098 

-.009 

.015 

-.62 

43.749 

238 1.860 

30 .160 

.002 

.015 

.13 

43.999 

2412.304 

30.444 

.009 

.015 

.61 

44.249 

2452.509 

40.205 

.242 

.013 

18.27 

44.499 

2488.580 

36.070 

-.114 

.014 

-8.12 

44.749 

2524.444 

35.863 

-.005 

.014 

-.40 

44.999 

2557.935 

33.491 

-.070 

.014 

-4.78 

' 

■ 

13. 


45.249 

2591.726 

33.791 

.008 

.014 

.59 

45.499 

2628.612 

36.885 

.083 

.014 

5.88 

45 .749 

2668.690 

40.078 

.079 

.013 

5.79 

45 .999 

2758.240 

89.549 

.552 

.009 

59.81 

46.249 

2818.155 

59.915 

-.494 

.011 

-43.61 

46.499 

2893.251 

75.095 

.202 

.010 

19.86 

46.749 

2945.317 

52.066 

-.442 

.012 

-36.05 

46.999 

2995.926 

50.609 

-.028 

.012 

-2.30 

47.249 

3035.117 

39.190 

-.291 

.014 

-20.44 

47.499 

3073.609 

38.492 

-.018 

.014 

-1.25 

47.749 

3112.565 

38.956 

.011 

.014 

.82 

47.999 

3150.793 

38.228 

-.019 

.014 

-1.30 

48.249 

3190.202 

39.408 

.029 

.014 

2.07 

48.499 

3230.826 

40.624 

.029 

.014 

2.10 

48.749 

3281.926 

51.100 

.205 

.012 

16.09 

48.999 

3370.933 

89.006 

.425 

.009 

44.00 

49.249 

3437.733 

66.800 

-.332 

.011 

-29.67 

49.499 

3488.967 

51.234 

-.303 

.012 

-23.69 

49.749 

3532.984 

44.017 

-.163 

.013 

-11.81 

49.999 

3575.755 

42.770 

-.029 

.014 

-2.06 

50.249 

3620.016 

44.261 

.033 

.013 

2.42 

50.499 

3676.326 

56.310 

.213 

.012 

17.32 

50.749 

3783.967 

107.640 

.476 

.008 

53.29 

50.999 

3852.910 

68.942 

-.561 

.011 

-50.10 

51.249 

3916.081 

63.171 

-.091 

.011 

-7.79 

51.499 

3958.170 

42.089 

-.500 

.014 

-34.82 

51 . 749 

3998.989 

40.819 

-.031 

.014 

-2.12 

51.999 

4038.539 

39.550 

-.032 

.014 

-2.15 

52.249 

4078.575 

40.035 

.012 

.014 

.  82 

52.499 

4117.832 

39.257 

-.019 

.014 

-1.32 

52.749 

4157.650 

39.817 

.014 

.014 

.94 

52.999 

4] 96. 818 

39.168 

-.016 

.014 

-1.10 

53.249 

4236.451 

39.633 

.011 

.014 

.78 

53.499 

4278.751 

42.300 

.063 

.014 

4.37 

53.749 

4324.303 

45.552 

.071 

.013 

5.13 

53.999 

4367.634 

43.330 

-.051 

.014 

-3.59 

54.249 

441 0.667 

43.033 

-.006 

.014 

-.48 

54.499 

4452.548 

41 .880 

-.027 

.014 

-1.89 

54.749 

4494.079 

41 .530 

-.008 

.014 

-.57 

54.999 

4536.261 

42.182 

.015 

.014 

1.06 

55.249 

458 1.148 

44.887 

.060 

.013 

4.30 

55.499 

4645.027 

63.879 

.297 

.011 

25.36 

. 

14. 


..I  104  2803  99.00  77K 

..BRANCH  0040R 


THETA  INTEGRATED  INTENSITY  RATE  OF  PROBABLE 

INTENSITY  CHANGE  ERROR 


49.749 

34.173 

34.173 

1.000 

.015 

63.52 

49.999 

63.321 

29.147 

-.172 

.017 

-10.09 

50.249 

91.951 

28.629 

-.018 

.017 

-1 . 04 

50.499 

124.647 

32.696 

.124 

.016 

7.67 

50.749 

188.057 

63.409 

•  484 

.011 

41.54 

50.999 

259.334 

71.276 

.110 

.011 

10.01 

51.249 

319.704 

60.369 

-.180 

.011 

-15.06 

51.499 

359.905 

40.201 

-.501 

.014 

-34.08 

51.749 

388.603 

28.697 

-.400 

.017 

-22.98 

51.999 

416.775 

28.172 

-.018 

.017 

-1.05 

52.249 

443.791 

27.015 

-.042 

.018 

-2.37 

52.499 

470.758 

26.966 

-.001 

.018 

-.10 

52.749 

496.932 

26.174 

-.030 

.018 

-1.65 

52.999 

523.091 

26.158 

0.000 

.018 

-.03 

53.249 

549.894 

26.803 

.024 

.018 

1.32 

53.499 

576.278 

26.384 

-.015 

.018 

-.87 

. 

15. 


••I  105  2803  99.00  77K 

..BRANCH  0040R 


THETA  INTEGRATED 

INTENSITY  RATE 

OF 

PROBABLE 

INTENSITY 

CHANGE 

error 

49.749 

34.292 

34.292 

1.000 

.015 

63.63 

49.999 

62.913 

28.621 

-.  198 

.017 

-11.49 

50.249 

9  1 .504 

28.590 

-.001 

.017 

-.06 

50.499 

123.574 

32.069 

.108 

.016 

6.62 

50.749 

186.745 

63.171 

.492 

.011 

42.14 

50.999 

255.130 

68.385 

.076 

.011 

6.77 

51.249 

315.214 

60.084 

-.138 

.012 

-11.49 

51.499 

354.856 

39.641 

-.515 

.014 

-34.79 

51 . 749 

383.749 

28.893 

-.371 

.017 

-21.40 

51.999 

410.682 

26.932 

-.072 

.018 

-4.04 

52.249 

438.002 

27.320 

.014 

.017 

.  79 

52.499 

464.936 

26.934 

-.014 

.018 

-.79 

52.749 

491.111 

26.174 

-.029 

.018 

-1.58 

52.999 

516.900 

25.789 

i — ( 

o 

. 

i 

.018 

o 

00 

. 

1 

. 
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..I  100  2803  99.00  300 

..BRANCH  0040R 


THETA  INTEGRATED 

INTENSITY  RATE 

OF 

PROBABLE 

INTENSITY 

CHANGE 

ERROR 

49.749 

33.555 

33.555 

1.000 

.015 

62.94 

49.999 

65.974 

32.418 

-.035 

.016 

-2. 16 

50.249 

99.231 

33.256 

.025 

.016 

1.57 

50.499 

139.333 

40.101 

.170 

.014 

11.66 

50.749 

203.513 

64.180 

.375 

.011 

32.37 

50.999 

251.592 

48.079 

-.334 

.013 

-24.96 

51.249 

297.973 

46.381 

-.036 

.013 

-2.67 

51.499 

331.530 

33.556 

-.382 

.016 

-23.72 

51 . 749 

362.945 

31.415 

-.068 

.016 

-4.08 

51.999 

393.730 

30.784 

-.020 

.016 

-1.21 

52.249 

424.404 

30.674 

-.003 

.016 

-.21 

52.499 

453.552 

29.148 

-.052 

.017 

-3.01 

52.749 

483.109 

29.557 

.013 

.017 

.80 

52.999 

512.516 

29.406 

-.005 

.017 

-.29 

17. 


.  . I  102  2803  99.00  300 

..BRANCH  0040R 


THETA  INTEGRATED 

INTENSITY  RATE 

OF 

PROBABLE 

INTENSITY 

CHANGE 

ERROR 

49.749 

32.564 

32 . 564 

1.000 

.016 

62.00 

49.999 

63.528 

30.963 

-.051 

.016 

-3.11 

50.249 

96.456 

32.927 

.059 

.016 

3.70 

50.499 

137.336 

40.880 

.194 

.014 

13.42 

50.749 

201.859 

64.523 

.366 

.011 

31 . 70 

50.999 

249.639 

47.779 

-.350 

.013 

-26.04 

51.249 

295.036 

45.397 

-.052 

.013 

-3.79 

51.499 

329.212 

34.175 

-.328 

.015 

-20.57 

51 . 749 

360.300 

31.088 

-.099 

.016 

-5.92 

51.999 

391.266 

30.965 

-.003 

.016 

-.23 

52.249 

42  1.267 

30.001 

-.032 

.017 

-1.88 

52.499 

450.865 

29.598 

-.013 

.017 

-.79 

52.749 

480.558 

29.693 

.003 

.017 

.18 

52.999 

509.614 

29.055 

-.021 

.017 

-1.26 

53.249 

540.588 

30.973 

.061 

.016 

3.67 

53.499 

570.847 

30.259 

-.023 

.017 

-1.38 

18. 


..I  101  2803  99.00  300 

..BRANCH  0040R 


THETA  INTEGRATED  INTENSITY  RATE  OF  PROBABLE 

INTENSITY  CHANGE  ERROR 


49.749 

32.852 

32.852 

1.000 

.016 

62.28 

49.999 

64.652 

31.800 

-.033 

.016 

-2.02 

50.249 

97.844 

33.191 

.041 

.016 

2.61 

50.499 

137.207 

39.363 

.156 

.014 

10.61 

50.749 

201.803 

64.596 

.390 

.011 

33.81 

50.999 

249.263 

47.460 

-.361 

.013 

-26.74 

51.249 

295.778 

46.514 

-.020 

.013 

-1.48 

51.499 

327.777 

31.999 

-.453 

.016 

-27.49 

51 . 749 

359.030 

31.253 

-.023 

.016 

-1.42 

51.999 

389.962 

30.931 

-.010 

.016 

-.61 

52.249 

419.726 

29.764 

-.039 

.017 

-2.28 

52.499 

450.147 

30.420 

.021 

.016 

1.27 

52.749 

480.708 

30.561 

.004 

.016 

.27 

52.999 

510.660 

29.951 

-.020 

.017 

-1.18 

53.249 

540.524 

29.864 

-.002 

.017 

-.17 

53.499 

570.474 

29.950 

.002 

.017 

.  16 

53.749 

601.421 

30.947 

.032 

.016 

1.90 

■ 

19. 


.•I  103  2803  99.00  300 

..BRANCH  0040R 


THETA  INTEGRATED 

INTENSITY  RATE 

OF 

PROBABLE 

INTENSITY 

CHANGE 

error 

49.749 

33.242 

33.242 

1.000 

.015 

62.64 

49.999 

66.177 

32.935 

-.009 

.016 

-.58 

50.249 

99.250 

33.073 

.  004 

.016 

.25 

50.499 

139.170 

39.920 

.171 

.014 

11.69 

50.749 

204.616 

65.445 

.390 

.011 

33.98 

50.999 

251.184 

46 .567 

-.405 

.013 

-29.74 

51.249 

296.214 

45.030 

-.034 

.013 

-2.45 

51.499 

329.159 

32.944 

—  .366 

.016 

-22.56 

51 . 749 

361.677 

32.518 

-.013 

.016 

-.79 

51.999 

391.115 

29.438 

-.104 

.017 

—  6*06 

52.249 

421.340 

30.224 

.025 

.017 

1.52 

52.499 

451 .817 

30 . 477 

.008 

.016 

.48 

52.749 

480.649 

28.831 

-.057 

.017 

-3.27 

52.999 

510.014 

29.364 

.018 

.017 

1.04 

53.249 

539.635 

29.621 

.008 

.017 

.50 

53.499 

571.027 

31.391 

.056 

.016 

3.36 

53.749 

602.797 

31.770 

.011 

.016 

.71 

53.999 

633.790 

30.992 

-.025 

.016 

-1.48 

54.249 

665.495 

31.704 

.022 

.016 

1 . 34 

■ 

zo. 


..I  106  2803  99.00  77K 

..BRANCH  0040R 


THETA  INTEGRATED  INTENSITY  RATE  OF  PROBABLE 

INTENSITY  CHANGE  ERROR 


49.749 

33.166 

33.166 

1.000 

.015 

62.57 

49.999 

61.701 

28.534 

-.162 

.017 

-9.39 

50.249 

90.453 

28.752 

.007 

.017 

.43 

50.499 

122.636 

32.182 

.106 

.016 

6.52 

50.749 

184.714 

62.077 

.481 

.011 

40.86 

50.999 

255.399 

70.685 

.121 

.011 

11.00 

51.249 

314.626 

59.227 

-.193 

.012 

-15.97 

51.499 

353.590 

38.963 

-.520 

.014 

-34.78 

51.749 

382.800 

29.210 

-.333 

.017 

-19.31 

51.999 

41  1.362 

28.561 

-.022 

.017 

-1.29 

52.249 

437.558 

26.195 

-.090 

.018 

-4.93 

52.499 

464.868 

27.310 

.040 

.017 

2.27 

52.749 

491.107 

26.238 

-.040 

.018 

-2.23 

52.999 

517.372 

26.264 

0.000 

.018 

.05 

53.249 

543.182 

25.810 

-.017 

.018 

-.95 

. 

21. 


..I  107  2803  99.00  77K 

..BRANCH  0040R 


THETA  INTEGRATED 

INTENSITY  RATE 

OF 

PROBABLE 

INTENSITY 

CHANGE 

ERROR 

49.749 

34.868 

34.868 

1 .000 

.015 

64.16 

49.999 

65.034 

30.166 

“••155 

.016 

-9.28 

50.249 

94.724 

29.689 

-.016 

.016 

-.94 

50.499 

126.176 

31.452 

.056 

.016 

3.39 

50.749 

188.050 

61.873 

.491 

.011 

41.65 

50.999 

258.024 

69.974 

.115 

.011 

10.41 

51 .249 

316.585 

58.561 

-.194 

.012 

-16.00 

51.499 

357.938 

41.352 

-.416 

.014 

-28.67 

51 . 749 

386.637 

28.699 

-.440 

.017 

-25.28 

51.999 

414.459 

27.822 

-.031 

.017 

-1.77 

52.249 

442.769 

28 . 309 

.017 

.017 

.97 

52.499 

468.896 

26.127 

-.083 

.018 

-4.55 

52.749 

495.941 

27.045 

.033 

.018 

1.88 

52.999 

523.180 

27.238 

.007 

.017 

.39 

53.249 

549.967 

26.786 

-.016 

.018 

-.93 

53.499 

577.020 

27.053 

.009 

.018 

.  54 

53.749 

606.242 

29.221 

.074 

.017 

4.27 

53.999 

635.697 

29.455 

.007 

.017 

.45 

54.249 

664.403 

28.705 

-.026 

.017 

-1.49 

54.499 

693.339 

28 .P36 

.007 

.017 

.45 

54.749 

72 1.469 

28.130 

-.028 

.017 

-1.61 

54.999 

750.363 

28.893 

.026 

.017 

1.51 

55.249 

780.517 

30.154 

.041 

.017 

2.45 

55.499 

813.322 

32.805 

.080 

.016 

4.94 

55.749 

859.817 

46.494 

.294 

.013 

21.44 

55.999 

897.645 

37.828 

-.229 

.015 

-15.06 

• 

zz. 


•  • I  108  2803  99.00  300K 

.  .BRANCH  0040R 


THETA  INTEGRATED  INTENSITY  RATE  OF  PROBABLE 

INTENSITY  CHANGE  ERROR 


49.749 

32.666 

32.666 

1.000 

.016 

62.10 

49.999 

64.720 

32.053 

-.019 

.016 

-1.17 

50.249 

97.298 

32.578 

.016 

.016 

.99 

50.499 

135.643 

38 . 344 

.150 

.014 

10.05 

50.749 

201.523 

65.880 

.417 

.011 

36.54 

50.999 

250.534 

49.011 

-.344 

.013 

-25.90 

51 . 249 

298.113 

47.578 

-.030 

.013 

-2.22 

51.499 

331.567 

33.453 

-.422 

.016 

-26.16 

51 .749 

362.833 

31.265 

-.069 

.016 

-4.18 

51.999 

393.529 

30.695 

-.018 

.016 

-1.10 

52.249 

423.983 

30.454 

-.007 

.016 

-.46 

52.499 

454.699 

30.716 

.008 

.016 

.50 

52.749 

484.938 

30.238 

-.015 

.017 

-.92 

52.999 

514.711 

29.772 

-.015 

.017 

-.91 

■ 

23. 


..I  109  2803  99.00  300K 

..BRANCH  0040R 


THETA  INTEGRATED 

INTENSITY  RATE 

OF 

PROBABLE 

intensity 

CHANGE 

ERROR 

49.749 

32.962 

32.962 

1.000 

.016 

62.38 

49.999 

65.665 

32 . 703 

-.007 

.016 

-.49 

50.249 

98.548 

32.882 

.005 

.016 

.33 

50.499 

137.892 

39.343 

.164 

.014 

11.11 

50.749 

204.203 

66.311 

.406 

.011 

35.67 

50.999 

251.323 

47.120 

-.407 

.013 

-30.05 

51.249 

299.076 

47.753 

.013 

.013 

.98 

51.499 

332.575 

33.498 

-.425 

.016 

-26.39 

51.749 

364.191 

31.615 

-.059 

.016 

-3.58 

51 .999 

394.820 

30.628 

-.032 

.016 

-1.90 

52.249 

424.800 

29.980 

-.021 

.017 

-1.26 

52.499 

454.627 

29.826 

-.005 

.017 

-.30 

52.749 

484.708 

30.081 

.008 

.017 

.49 

52.999 

513.856 

29.147 

-.032 

.017 

-1 . 84 

53.249 

543.836 

29.980 

.027 

.017 

1.62 

53.499 

574.482 

30.646 

.021 

.016 

1.28 

53.749 

606.722 

32.239 

.049 

.016 

2.98 

. 

24. 


•  • I  110  2 B 0 3  99.00  300K 

..BRANCH  0040R 


THETA  INTEGRATED 

INTENSITY  RATE 

OF 

PROBABLE 

INTENSITY 

CHANGE 

ERROR 

49.749 

31.929 

31.929 

1.000 

.016 

61.40 

49.999 

62.921 

30.992 

-.030 

.016 

-1.82 

50.249 

95.927 

33.005 

.060 

.016 

3.78 

50.499 

135.039 

39.112 

.156 

.014 

10.53 

50.749 

200. B49 

65.809 

.405 

.011 

35.44 

50.999 

246.857 

46.008 

-.430 

.013 

-31.38 

51 . 249 

293.125 

46.267 

.005 

.013 

.40 

51.499 

326.550 

33.425 

-.384 

.016 

-23.80 

51 . 749 

358.784 

32.234 

-.036 

.016 

-2.24 

51.999 

388.815 

30.030 

-.073 

.017 

-4.29 

52.249 

419.719 

30.903 

.028 

.016 

1.67 

52.499 

449.422 

29.702 

-.040 

.017 

-2.35 

52.749 

480.468 

31.046 

.043 

.016 

2 .57 

52.999 

509.299 

28.830 

-.076 

.017 

-4.40 

53.249 

539.540 

30.241 

•  04  6 

.017 

2.73 

53.499 

569.934 

30.393 

.005 

.017 

.29 

53.749 

60  1 .228 

31.294 

.028 

.016 

1.71 

53.999 

632.015 

30 . 786 

-.016 

.016 

-.97 

54.249 

663.779 

31.764 

.030 

.016 

1 .84 

54.499 

694.573 

30.794 

-.031 

.016 

-1.86 

54.749 

725.421 

30.848 

.001 

.016 

.  10 

54.999 

756.484 

31.062 

.006 

.016 

.41 

55.249 

788.748 

32.263 

.037 

.016 

2.25 

55.499 

829.512 

40.764 

.208 

.014 

14.21 

• 

25. 


..I  111  2803  99.00  300K 

..BRANCH  0040R 


THETA  INTEGRATED 

INTENSITY  RATE 

OF 

PROBABLE 

INTENSITY 

CHANGE 

ERROR 

49.749 

32.437 

32.437 

1.000 

.016 

61.88 

49.999 

65.306 

32.868 

.013 

.016 

.81 

50.249 

99.327 

34.021 

.033 

.015 

2.13 

50.499 

140.114 

40.786 

.165 

.014 

11.43 

50.749 

206.636 

66.522 

.386 

.011 

33.98 

50.999 

254.632 

47.995 

-.385 

.013 

-28.74 

51.249 

300.413 

45.781 

-.048 

.013 

-3.51 

51 . 499 

334.975 

34.561 

-.324 

.015 

-20.45 

51.749 

367.106 

32.130 

-.075 

.016 

-4.59 

51.999 

397.258 

30.152 

-.065 

.017 

-3.85 

52.249 

428.776 

31.518 

.043 

.016 

2.59 

52.499 

459.204 

30.427 

-.035 

.016 

-2.11 

52.749 

489. 379 

30.174 

-.008 

.017 

-.49 

52.999 

520.030 

30.651 

.015 

.016 

.91 

53.249 

551.062 

31.031 

.012 

.016 

.  72 

53.499 

582.413 

31.351 

.010 

.016 

.60 

53.749 

614.853 

32.439 

.033 

.016 

2.03 

53.999 

646.239 

31.386 

-.033 

.016 

-2.00 

54.249 

678.203 

31.963 

.018 

.016 

1.08 

54.499 

709.536 

31.333 

-.020 

.016 

-1.20 

. 

26. 


• . I  112  2803  99.00  300K 

..BRANCH  0040R 


theta  integrated 

INTENS  I  TY 

RATE  OF 

PROBABLE 

INTENSITY 

CHANGE 

ERROR 

25.249 

6.229 

6.229 

1.000 

.012 

78.58 

25.499 

14.155 

7.925 

.213 

.011 

18.61 

25.749 

22.747 

8 .592 

.077 

.011 

6.89 

25.999 

4  5.5  44 

22.797 

.623 

.  007 

88.52 

26.249 

97.537 

51.992 

.  561 

.004 

118.25 

26.499 

11 1.948 

14.411 

-2.607 

.009 

-283.79 

26.749 

142.369 

30.420 

.526 

.006 

81.68 

26.999 

185.431 

43.061 

.293 

.005 

53.21 

27.249 

198.466 

13.034 

-2.303 

.010 

-*22  5.56 

27.499 

208.755 

10.289 

-.266 

.011 

-22.78 

27.749 

218.835 

10.079 

-.020 

.012 

-1.73 

27.999 

229.134 

10.298 

.021 

.012 

1.75 

28.249 

239.200 

10.066 

-.023 

.012 

-1.84 

28.499 

249.137 

9.937 

-.012 

.012 

-1.01 

28.749 

259.752 

10.614 

.063 

.012 

5.04 

28.999 

270.885 

11.133 

•  046 

.012 

3.71 

29.249 

282.444 

11.558 

.036 

.012 

2.92 

29.499 

300.061 

17.617 

.343 

.010 

33.21 

29.749 

340.317 

40.256 

.  562 

.006 

80.62 

29.999 

358.285 

17.968 

-1.240 

.010 

-116.89 

30.249 

370.157 

11.871 

-.513 

.013 

-38.74 

30.499 

38  1.996 

11 .839 

-.002 

.013 

-.  19 

30.749 

394.257 

12.260 

.034 

.013 

2.55 

30.999 

406.814 

12.556 

.023 

.013 

1 . 74 

31.249 

419.995 

13.181 

.047 

.013 

3.54 

31.499 

442.037 

22.042 

.402 

.010 

38.30 

31 . 749 

480.376 

38 .339 

.425 

.008 

52.63 

31.999 

500.386 

20.009 

-.916 

.011 

-80.73 

32.249 

514.409 

14.022 

-.426 

.013 

-31.04 

32.499 

527.535 

13.125 

-.068 

.014 

-4.73 

32.749 

540.787 

13.252 

.009 

.014 

.65 

32.999 

553.639 

12.851 

-.031 

.015 

-2.07 

33.249 

566.681 

13.041 

.014 

.015 

.96 

33.499 

579.540 

12.859 

-.014 

.015 

-.91 

33.749 

<^93.894 

14.353 

.104 

.014 

7.01 

33.999 

608.658 

14.763 

.027 

.014 

1.87 

34.249 

623.760 

15.102 

.022 

.014 

1 .50 

34.499 

640.051 

16.290 

.072 

.014 

5.02 

34.749 

679.370 

39.319 

.585 

.009 

61.86 

34.999 

714.811 

35.441 

-.109 

.010 

-10.84 

35.249 

735.056 

20.245 

-.750 

.013 

-55.55 

35.499 

753.103 

18.046 

-.121 

.014 

-8.41 

35.749 

771.051 

17.947 

-.005 

.014 

-.37 

■ 

27. 


35  . 999 

790.077 

19.926 

.099 

.014 

7.04 

36.249 

81 2.442 

21 . 465 

.071 

.013 

5.21 

36.499 

850.369 

37 .926 

.434 

.010 

41 .50 

36.749 

922.198 

71 .828 

.471 

.007 

61.42 

36.999 

970.490 

48.292 

-.487 

.009 

-51.43 

37.249 

1014.644 

44.154 

-.093 

.010 

-9.35 

37.499 

1048.829 

34.185 

-.291 

.011 

-25.33 

37.749 

1071.602 

22.772 

-.501 

.014 

-35.15 

37.999 

1 09  1.987 

20.385 

-.117 

.015 

-7.68 

38.249 

1112.838 

20.850 

.022 

.015 

1.46 

38.499 

1133.701 

20.862 

0.000 

.015 

.03 

38.749 

1 154.273 

20.571 

-.014 

.015 

-.90 

38.999 

1175.640 

21 . 367 

.037 

.015 

2.40 

39.249 

1196.859 

21.218 

-.007 

.015 

-  •  44 

39.499 

1224.589 

27.730 

.234 

.013 

16.91 

39.749 

1259.160 

34.571 

.  197 

.012 

15.76 

39.999 

1290.317 

31.156 

-.109 

.013 

-8.21 

40.249 

1313.108 

22.791 

-.367 

.015 

-23.33 

40.499 

1335.132 

22.023 

-.034 

.016 

-2.16 

40.749 

1357.619 

22.486 

.020 

.016 

1.27 

40 .999 

1380.070 

22.450 

-.001 

.016 

-.09 

41.249 

1407.817 

27.747 

.190 

.014 

12.96 

41.499 

1444.658 

36.841 

•  246 

.012 

19.16 

41 .749 

1477.563 

32 . 904 

-.119 

.013 

-8.71 

41.999 

1518.939 

41.775 

.204 

.012 

16.59 

42.249 

1552.393 

33.454 

-.236 

.013 

-17.13 

42.499 

1578.553 

26.159 

-.278 

.015 

-17.71 

42 .749 

1602.581 

24.027 

-.088 

.016 

-5.36 

42 .999 

1626.506 

23.925 

-.004 

.016 

-.25 

43.249 

1649.857 

23.350 

-.024 

.017 

-1.44 

43.499 

1673.048 

23.191 

-.006 

.017 

-.39 

43 .749 

1696.852 

23.803 

.025 

.017 

1 .50 

43.999 

1720.829 

23 . 977 

.007 

.017 

.42 

44. 24^ 

1 747.349 

2  6 . 5  1 9 

.095 

.016 

5.86 

44.499 

1774.626 

27.276 

.027 

.016 

1.71 

44.749 

1801.905 

27.278 

0.000 

.016 

0.00 

44.999 

1828.170 

26.265 

-.038 

.016 

-2.30 

45.249 

1855.654 

27.483 

.044 

.016 

2.69 

45.499 

1884.347 

28.692 

.042 

.016 

2.60 

45 .749 

1915. 709 

31.362 

.085 

.015 

5.47 

45.999 

1977.606 

61.897 

.493 

.011 

44  •  40 

46.249 

2028.415 

50.808 

-.218 

.012 

-17.71 

46.499 

2087.717 

59.301 

.143 

.011 

12.50 

46.749 

21 38.264 

50.547 

-.173 

.012 

-13.90 

46.999 

2182.589 

44.725 

-  .  140 

.013 

-10.51 

47.249 

2216.509 

33.919 

-.306 

.015 

-20.02 

47.499 

2247.108 

30.599 

-.108 

.016 

-6.70 

. 

\ 

28 


47.749 

2277.278 

30.170 

-.014 

•  0 1 6 

1 

. 

00 

47.999 

2307.994 

30.715 

.017 

.016 

1.09 

48.249 

2339.057 

31.062 

.011 

.016 

.  68 

48 .499 

2370.476 

31.419 

.011 

.016 

.  70 

48.749 

2407.328 

36.851 

.  147 

.014 

9.82 

48 .999 

2468.273 

60 . Q44 

.395 

.011 

33.80 

49.249 

2514.753 

46 . 480 

-.311 

.013 

-23.17 

49.499 

2556.985 

42.231 

-.100 

.014 

-7.12 

49.749 

2589.687 

32.702 

-.291 

.016 

-18.10 

49.999 

2622.277 

32.590 

-.003 

.016 

-.21 

50.249 

2654.279 

32.001 

-.018 

.016 

-1.12 

50.499 

2692.498 

38.219 

.  162 

.014 

10.85 

50.749 

2757.955 

65.456 

.416 

.011 

36.26 

50.999 

2806.175 

48.220 

-.357 

.013 

-26.68 

51.249 

2854.589 

48.413 

.003 

.013 

.29 

51.499 

2889.461 

34.871 

-.388 

.015 

-24.57 

i— ' 

. 

-^i 

4> 

O 

2922.397 

32.936 

-.058 

.016 

-3.61 

51 . 999 

2954.760 

32 . 363 

-.017 

.016 

-1.07 

52.249 

2990.967 

36.206 

.106 

.015 

6.82 

52.499 

3021.050 

30.082 

-.203 

.017 

-11.92 

52.749 

3051.836 

30 . 786 

.022 

.016 

1.35 

52.999 

3082.607 

30.771 

0.000 

.016 

-.02 

53.249 

3113.200 

30.592 

-.005 

.016 

-.34 

53.499 

3145.005 

31.805 

.038 

.016 

2.29 

53.749 

3178.180 

33.174 

.041 

.016 

2.53 

53.999 

3209.123 

30 . 943 

-.072 

.016 

-4.27 

54.249 

3241.215 

32.091 

.035 

.016 

2.15 

54.499 

3272.831 

31.615 

-.015 

.016 

-.90 

54.749 

3303.536 

30 . 705 

-.029 

.016 

-1.75 

54.999 

3334.703 

31.166 

.014 

.016 

.88 

55.249 

3369.576 

34.873 

.106 

.015 

6.69 

55.499 

3409.705 

40.128 

.130 

.014 

8.85 

55.749 

3449.132 

39.427 

-.017 

.014 

-1  .  19 

55.999 

3491.841 

42 . 708 

.076 

.014 

5.36 

56.249 

3540.107 

48.266 

.115 

.013 

8.56 

56.499 

3578.443 

38.336 

-.259 

.015 

-17.17 

56.749 

3619.009 

40.565 

.054 

.014 

3.75 

56.999 

3653.963 

34.954 

-.160 

.015 

-10.19 

57.249 

3687.083 

33.119 

-.055 

.016 

-3.42 

57.499 

372 1 .035 

33.952 

.024 

.015 

1 .53 

57.749 

3754.223 

33.187 

-.023 

.016 

-1.43 

57.999 

3788.406 

34.183 

.029 

.015 

1.83 

58.249 

3823.338 

34.932 

.021 

.015 

1.37 

58.499 

3862.250 

38.912 

.102 

.014 

6.91 

58.749 

3913.808 

51.557 

.245 

.012 

19. 12 

58.999 

3956.040 

42.231 

-.220 

.014 

-15.61 

■ 

29. 


..I  113  2803  50*00  77K 

. .BRANCH  0040R 


THETA  INTEGRATED 

intensity  rate 

OF 

PROBABLE 

intensity 

CHANGE 

ERROR 

25.249 

4.774 

4.774 

1.000 

.014 

68.79 

25.499 

11.196 

6.421 

.256 

.012 

20.07 

25 . 749 

18.3 81 

7.185 

.  106 

.012 

8.63 

25.999 

30.104 

1 1 . 722 

.387 

.009 

39.43 

26.249 

90.269 

60.164 

.805 

.004 

182.40 

26.499 

111 .564 

21.294 

-1.825 

.007 

-241.47 

26.749 

128.336 

16.772 

-.269 

.008 

-31.07 

26.999 

184.886 

56.550 

.703 

.004 

146.12 

27.249 

201.658 

16 . 771 

-2.371 

.009 

-263.42 

27.499 

210.453 

8 . 795 

-.906 

.012 

“71.60 

27.749 

219.331 

8.877 

.009 

.012 

.  71 

27.999 

228.033 

8 . 702 

-.020 

.013 

-1.51 

28.249 

236.360 

8 .326 

-.045 

.013 

-3.28 

28.499 

245.041 

8.681 

.040 

.013 

2.98 

28.749 

253.968 

8 . 926 

•  02  7 

.013 

1.99 

28.999 

263.735 

9.767 

.086 

.013 

6.41 

29.249 

273.782 

10.047 

.  027 

.013 

2.07 

29.499 

286.238 

12.455 

.193 

.012 

15.70 

29.749 

329.486 

43.248 

.711 

.006 

105.80 

29.999 

354.803 

25.316 

-.708 

.008 

-79.23 

30.249 

365.273 

10.469 

-1.418 

.014 

-100.45 

30.499 

375.247 

9.973 

-.049 

.014 

-3.38 

30.749 

386.268 

11.021 

.095 

.014 

6.70 

30.999 

397.619 

11.351 

.029 

.014 

2.04 

31.249 

408.984 

1 1 . 364 

.001 

.014 

.08 

31.499 

423.798 

14.814 

.232 

.012 

18.19 

31.749 

467.596 

43 . 797 

.661 

.007 

87.57 

31.999 

495.156 

27.560 

-.589 

.009 

-60.94 

32.249 

508.451 

13.294 

-1 . 073 

.014 

-75.96 

32.499 

519.949 

11 .498 

-.156 

.015 

-10.13 

32.749 

531.049 

11 .099 

-.035 

.015 

-2.25 

32 .999 

542.241 

11.192 

.008 

.016 

.51 

33.249 

552.930 

10.688 

-.047 

.016 

-2.82 

33.499 

564.280 

1 1 .350 

.058 

.016 

3.54 

33.749 

575.799 

11.518 

.014 

.016 

.88 

33.999 

588.678 

12.878 

.105 

.015 

6.65 

34.249 

601.715 

13.036 

.012 

.016 

.  75 

34.499 

615.674 

13.959 

•  0  6  6 

.015 

4.21 

34.749 

641.257 

25.582 

.454 

.011 

38.71 

34.999 

689.933 

48 . 676 

.474 

.008 

55.09 

35.249 

717.703 

27.769 

-.752 

.011 

"6  5.26 

35.499 

732.483 

14.779 

-.878 

.015 

-54.93 

35.749 

747.982 

15.499 

•  046 

.015 

2.93 

■ 

30. 


35.999 

764.436 

16.453 

.058 

.015 

3.73 

36.249 

78  3.037 

18.601 

.115 

.014 

7.81 

36.499 

807.724 

24.687 

.246 

.012 

19.02 

36.749 

899.872 

92.147 

.732 

.006 

107.92 

36.999 

962.395 

62.522 

-.473 

.008 

-56.90 

37.249 

1003.772 

41 .376 

-.511 

.010 

-49.38 

37.499 

1044.851 

41 . 079 

-.007 

.010 

-.68 

37.749 

1071.755 

26.903 

-.526 

.013 

-40.17 

37.999 

1090.137 

18.382 

-.463 

.016 

-28.90 

38.249 

1107.609 

17.471 

-.052 

.016 

-3.13 

38.499 

1125.207 

17.598 

.007 

.016 

.42 

38.749 

1143.287 

18.080 

.026 

.016 

1 .59 

38.999 

1161.048 

17.760 

-.017 

.017 

-1.05 

39.249 

1 ] 79.618 

18.570 

.043 

.016 

2.59 

39.499 

1200.819 

21.201 

.124 

.015 

7.81 

39.749 

1241 . 1 10 

40 .290 

.473 

.011 

40.73 

39.999 

1273.640 

32.530 

-.238 

.013 

-18.27 

40.249 

1296.027 

22.387 

-.453 

.015 

-28.54 

40.499 

1315.182 

19.155 

-.168 

.017 

-9.75 

40 .749 

1334.482 

19.300 

.007 

.017 

.43 

40.999 

1354.125 

19.643 

.017 

.017 

1.00 

41.249 

1375.202 

21.076 

.068 

.016 

4.02 

41.499 

1415.638 

40.435 

.478 

.012 

38 . 94 

41.749 

1449.359 

33.721 

-.1^9 

.013 

-14.68 

41 .999 

1490.274 

40.915 

.175 

.012 

14.17 

42 .249 

1527.337 

37.062 

-.103 

.013 

-7.91 

42.499 

1560.303 

32.965 

-.124 

.014 

-8.86 

42 . 749 

1581 .595 

21.291 

-.548 

.017 

-31.20 

42.999 

1602.044 

20.449 

-.041 

.018 

-2.28 

43.249 

1622.286 

20.242 

-.010 

.018 

-.56 

43.499 

1642.324 

20.038 

-.010 

.018 

-.55 

43.749 

1663.031 

20.706 

.032 

.018 

1 . 76 

43.999 

1683.720 

20.688 

0.000 

.018 

-.04 

44.249 

1705.525 

21.805 

.051 

.018 

2.83 

44.499 

1732.323 

26.797 

.186 

.016 

11.37 

44.749 

1756.750 

24.427 

-.007 

.017 

-5.62 

44.999 

1 780.563 

23.812 

-.025 

.017 

-1.47 

45.249 

1803.617 

23.053 

-.032 

.017 

-1.83 

45.499 

1827.566 

23.949 

.037 

.017 

2.11 

45 . 749 

1853.170 

25.603 

.064 

.017 

3.75 

45.999 

1894.182 

41 .012 

.375 

.013 

27.52 

46.249 

1974.100 

79.917 

.486 

.009 

49.57 

46.499 

2036.954 

62.854 

-.271 

.011 

-24.41 

46.749 

2110.357 

73.402 

.  143 

.010 

13.90 

46.999 

2155.692 

45 .335 

-.619 

.013 

-46.90 

47.249 

2196.1 94 

40.502 

-.119 

.014 

-8.51 

47. 499 

2249.661 

53.466 

.242 

.012 

19.79 

31. 


47.749 

2275.694 

47.999 

2301.489 

48 .249 

2326.798 

48.499 

2352.140 

48.749 

2380.769 

48.999 

2438.019 

49.249 

2498.283 

49.499 

2^52.909 

49.749 

2587.08 8 

49.999 

2616.372 

50.249 

2644.071 

50.499 

2675.403 

50.749 

2735.991 

50.999 

2807.693 

51.249 

2866.339 

51.499 

2906.795 

51 . 749 

2935.102 

51.999 

2962.633 

52.249 

2989.1 88 

52.499 

3015.405 

52.749 

3041.221 

52.999 

3067.227 

53.249 

3093.097 

53.499 

3119.736 

53.749 

3148.356 

53.999 

3177.586 

54.249 

3206.474 

54.499 

3234.523 

54.749 

3262.355 

54.999 

3290.287 

55.249 

3318.948 

55*499 

3350.679 

55.749 

3396.796 

55.999 

3433.230 

56.249 

3487.903 

56.499 

3539.306 

56.749 

3579.194 

56.999 

3619.451 

57.249 

3650.635 

57.499 

3679.359 

57.749 

370  8 • 02  0 

57.999 

3736.453 

58.249 

3766.200 

58.499 

3797.990 

58.749 

3840.970 

58.999 

3902.381 

59.249 

3943.990 

59.499 

3992.385 

26.033 

-1.053 

.017 

-59.82 

25.794 

-.009 

.017 

-.52 

25 . 308 

-.019 

.017 

-1.06 

25.342 

.001 

.018 

.07 

28.629 

.  114 

.017 

6.74 

57.249 

.499 

.012 

41.42 

60.264 

.050 

.011 

4.24 

54.625 

-.103 

.012 

-8.31 

34.179 

-.598 

.015 

-38.00 

29.283 

-.167 

.017 

-9.80 

27,699 

-.057 

.017 

-3.25 

31.332 

.115 

.016 

7.00 

60.588 

.482 

.011 

40.48 

71.702 

.155 

.010 

14.11 

58. 645 

-.222 

.012 

-18.29 

40.456 

-.449 

.014 

-30.64 

28 . 307 

-.429 

.017 

-24.44 

27.530 

-.028 

.017 

-1.58 

26.5^4 

-.036 

.018 

-2.02 

26.217 

-.012 

.018 

-.70 

25.816 

-.015 

.018 

-.84 

26.006 

.007 

.018 

.39 

25.869 

-.005 

.018 

-.28 

26.639 

.028 

.018 

1.59 

28.619 

.069 

.017 

3.94 

29.230 

.020 

.017 

1.20 

28.888 

-.011 

.017 

-.67 

28.048 

-.029 

.017 

-1.69 

27.832 

-.007 

.017 

-.43 

27.932 

.003 

.017 

.20 

28.661 

.025 

.017 

1.45 

31.730 

.096 

.016 

5.81 

46.117 

.311 

.013 

22.63 

36.433 

-.265 

.015 

-17.15 

54.672 

.333 

.012 

26.39 

51.402 

-.063 

.013 

-4.88 

39.888 

-.288 

.014 

-19.55 

40.256 

.009 

.014 

.62 

31.184 

-.290 

.016 

-17.46 

28.724 

-.085 

.017 

-4.94 

28.661 

-.002 

.017 

-.12 

28.433 

-.008 

.017 

-.46 

29.746 

.044 

.016 

2.60 

31.790 

.064 

.016 

3.92 

42.980 

.260 

.014 

18.53 

61.410 

.300 

.011 

25.58 

41 . 608 

-.475 

.014 

-33.47 

48.395 

.  140 

.013 

10.66 

• 

32. 


59.749 

4029.200 

36.815 

-.314 

.015 

-20.90 

59.999 

4060.906 

31 . 705 

-.161 

.016 

-9.96 

60.249 

4092.145 

31.238 

-.014 

.016 

-.91 

60.499 

4125.761 

33.615 

.070 

.015 

4.52 

60.749 

4175.889 

50.128 

.329 

.012 

25.81 

60.999 

4258.542 

82.652 

.393 

.009 

39.70 

61.249 

4308.122 

49.579 

-.667 

.012 

-52.28 

61.499 

4375.210 

67.088 

.260 

.010 

23.86 

61 . 749 

4438.403 

63.193 

-.061 

.011 

-5.48 

61.999 

4477.835 

39.432 

-.602 

.014 

-42.50 

62.249 

4518.458 

40.622 

.029 

.013 

2.10 

62.499 

4552.911 

34.452 

-.179 

.015 

-11.88 

62.749 

4582.865 

29.954 

-.150 

.016 

-9.32 

62.999 

4612.479 

29.613 

-.on 

.016 

-.71 

63.249 

4641.990 

29.510 

-.003 

.016 

-.21 

63.499 

4671.706 

29.715 

.006 

.015 

.43 

63.749 

4701.212 

29.506 

-.007 

.015 

-.44 

63.999 

4731.650 

30.437 

.030 

.015 

1.94 

64.249 

4766.279 

34.629 

.121 

.014 

8.25 

64.499 

4808.999 

42.719 

.189 

.013 

14.41 

64.749 

4844.974 

35.974 

-.187 

.014 

-13.14 

64.999 

4878.617 

33.643 

-.069 

.014 

-4.71 

65.249 

4914.932 

36.314 

.073 

.014 

5.22 

65.499 

4947.189 

32.257 

-.125 

.014 

-8.45 

65.749 

4976.521 

29.332 

-.099 

.015 

-6.41 

65.999 

5006.404 

29.882 

.018 

.015 

1.20 

66.249 

5037.323 

30.919 

.033 

.014 

2.23 

66.499 

5073.571 

36.247 

.  146 

.013 

10.66 

66.749 

5126.626 

53.055 

.316 

.011 

27.92 

66.999 

5177.679 

51.053 

-.039 

.011 

-3.40 

67.249 

5218.399 

40.719 

-.253 

.012 

-19.78 

67.499 

5272.342 

53.943 

.245 

.011 

22.10 

67.749 

5334.082 

61.740 

.  126 

.010 

12.24 

33. 
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THETA  INTEGRATED 

INTENSITY 

RATE  OF 

PROBABLE 

INTENSITY 

CHANGE 

ERROR 

25.249 

5.153 

5.153 

1.000 

.013 

71.47 

25.499 

1 1 .388 

6.235 

.173 

.012 

13.39 

25.749 

1 8 . 398 

7.009 

.110 

.012 

8.86 

25.999 

32.399 

14.000 

.499 

.  008 

55.59 

26.249 

8 1.365 

48.965 

.714 

.004 

145. 94 

26.499 

91.279 

9.914 

-3.938 

.011 

-355.55 

26.749 

115.311 

24.031 

.587 

.007 

81.04 

26.999 

160.397 

45.085 

•  46  6 

.005 

86.62 

27.249 

169.815 

9.418 

-3.787 

.012 

-315.20 

27.499 

178.412 

8.597 

-.095 

.012 

-7.44 

27.74° 

186.673 

8.260 

-.040 

.013 

-3.06 

27.999 

195.472 

8 . 798 

.061 

.013 

4.65 

28.249 

203.715 

8.243 

-.067 

.013 

-4.87 

28.499 

211.987 

8.271 

.003 

.014 

.  24 

28.749 

220.911 

8 . 924 

.073 

.013 

5.30 

28.999 

230.427 

9.515 

.062 

.013 

4.57 

29.249 

240.085 

9.658 

.014 

.013 

1.07 

29.499 

252.316 

12.230 

.210 

.012 

16.91 

29.749 

293.157 

40.840 

.  700 

.  006 

101 . 16 

29.999 

308.672 

15.515 

-1.632 

.011 

-142.94 

30.249 

318.800 

10.128 

-.531 

.014 

-37.06 

30.499 

328.610 

9.809 

-.032 

.014 

-2.19 

30.749 

339.598 

10.987 

.107 

.014 

7.54 

30.999 

350.359 

10.761 

-.021 

.014 

-1.44 

31.249 

361.545 

11.186 

.037 

.014 

2.61 

31.499 

376.206 

14.660 

.237 

.012 

18.41 

31.749 

417.841 

41.634 

•  6  4  7 

.007 

83.59 

31.999 

436.525 

18.683 

-1.228 

.011 

-104.61 

32.249 

448.281 

11.756 

-.589 

.015 

-39.22 

32.499 

458.994 

10.712 

-.097 

.015 

-6.09 

32.749 

470.260 

1 1.265 

.049 

.015 

3.10 

32.999 

CO 

o 

CO 

. 

r— i 

cc 

1 1.048 

-.019 

.016 

-1.21 

33.249 

491.892 

10.583 

-.043 

.016 

-2.61 

33.499 

503.070 

11.178 

.053 

.016 

3.20 

33. 749 

514.639 

1 1 .568 

.033 

.016 

2.04 

33.999 

528.722 

14.082 

.178 

.015 

11.75 

34.249 

541.165 

12.443 

-.131 

.016 

-8.04 

34.499 

553.784 

12.618 

.013 

.016 

.84 

34.749 

583.030 

29.246 

.568 

.010 

51.79 

34.999 

606.266 

23.235 

-.258 

.012 

-20.75 

35.249 

620.420 

14.154 

-.641 

.016 

-39.70 

35.499 

634.755 

14.334 

.012 

.016 

.77 

35.749 

649.870 

15.114 

.051 

.016 

3.22 

' 

34. 


35.999 

665.775 

15.905 

.049 

.015 

3.15 

36.249 

68  2 .805 

17.029 

.  066 

.015 

4.27 

36.499 

705.528 

22.723 

.250 

.013 

18.54 

36.749 

771.941 

66.412 

.657 

.007 

82.32 

36.999 

814.609 

42.667 

-.556 

.010 

“55.20 

37.249 

852.923 

38 .314 

-.113 

.010 

-10.56 

37.499 

882.440 

29.516 

-.298 

.012 

-24.06 

37.749 

900.272 

17.831 

-.655 

.016 

-40.67 

37.999 

917.368 

17.096 

-.043 

.016 

-2.58 

^8.249 

934.365 

16.997 

-.005 

.016 

-.34 

38.499 

951.808 

17.442 

.025 

.016 

1.51 

38.749 

969.158 

17.349 

-.005 

.017 

-.31 

38.999 

986.592 

17.433 

.004 

.017 

.27 

39.249 

1004.510 

17.918 

.027 

.017 

1.58 

39.499 

1025.249 

20.738 

.135 

.016 

8.47 

39.749 

1060.371 

35.121 

.409 

.012 

32.87 

39.999 

1088.337 

27.966 

-.255 

.014 

-18.17 

40.249 

1106.847 

18.510 

-.510 

.017 

-29.26 

40.499 

1125.963 

19.115 

.031 

.017 

1.82 

40.749 

1144.785 

18.822 

-.015 

.017 

-.88 

40 .999 

1163.247 

18.461 

-.019 

.017 

-1.08 

41 .249 

1183.432 

20.185 

.085 

.017 

4.94 

41.499 

1216.904 

33.471 

.396 

.013 

29.37 

41 . 749 

1244.254 

27.350 

-.223 

.015 

-14.86 

41.999 

1282.893 

38.639 

.292 

.012 

22.88 

42.249 

1312.137 

29.244 

-.321 

.014 

-21.73 

42.499 

1332.518 

20.381 

-.434 

.017 

-24.38 

42.749 

1352.110 

19.591 

-  •  040 

.018 

-2.19 

42 .999 

1371.309 

19.198 

-.020 

.018 

-1.09 

43.249 

1390.402 

19.092 

-.005 

.018 

-.29 

43.499 

1409.871 

19.469 

.019 

.018 

1.03 

43.749 

1 429.792 

19.920 

.022 

.018 

1.21 

43.999 

1449.1 64 

19.371 

-.028 

.019 

-1.48 

44.249 

1470.981 

21.817 

.112 

.018 

6  ®  2  1 

44.499 

1492.537 

21.555 

-.012 

.018 

—  •  66 

44.749 

1514.479 

21.941 

.017 

.018 

.96 

44.999 

1535.812 

21.333 

-.028 

.018 

-1.53 

45.249 

1557.391 

21.579 

.011 

.018 

.61 

45.499 

1579.462 

22.070 

.022 

.018 

1.20 

45 . 749 

1602.962 

23.499 

.060 

.017 

3.38 

45.999 

1656.777 

53.815 

.563 

.011 

47.28 

46.249 

1685.175 

28.397 

-.895 

.016 

-54.33 

46.499 

1730.071 

44 .896 

.367 

.013 

27.92 

46.749 

1774.°26 

44.855 

0.000 

.013 

-.06 

46.999 

1811.465 

36.539 

-.227 

.014 

-15.47 

47.249 

1836.718 

25.252 

-  •  446 

.017 

-25.17 

47.499 

186 1.956 

25.237 

0.000 

.017 

-.03 

35. 


47.749 

1886.372 

24.416 

-.033 

.018 

-1.84 

47.999 

1911.219 

24.846 

.017 

.018 

.95 

48.249 

1935.669 

24.449 

-.016 

.018 

-*8  8 

48.499 

1960.740 

25.071 

.024 

.018 

1.36 

48 .749 

1988.356 

27.616 

.092 

.017 

5*31 

48.999 

2046.456 

58.100 

.524 

.011 

43.80 

49.249 

2079.761 

33.304 

-.744 

.015 

-46*92 

49.499 

2118.476 

38.715 

.139 

.014 

9.47 

49.749 

2146.016 

27.540 

-.405 

.017 

-23.14 

49.999 

2172.512 

26.495 

-.039 

.017 

-2.19 

50.249 

2198.871 

26.358 

-.005 

.018 

-.28 

50.499 

2226.800 

27.929 

.056 

.017 

3  e  20 

50.749 

2293.772 

66.971 

.582 

.011 

51*38 

50.999 

2324.615 

30.843 

-1.171 

.016 

-69.93 

51.249 

2370.959 

46.344 

.334 

.013 

24.43 

51.499 

2398.219 

27.260 

-.700 

.017 

-39.16 

51.749 

2424.203 

25.984 

-.049 

.018 

-2,67 

51.999 

2450.498 

26.294 

.011 

.018 

*64 

52.249 

2475.544 

25.046 

-.049 

.018 

-2.66 

52.499 

2500.055 

24.510 

-.021 

.018 

-1.15 

52.749 

2525.101 

25.046 

.021 

.018 

1.14 

52.999 

2550.168 

25.067 

0.000 

.018 

*  04 

53.249 

2574.507 

24.339 

-.029 

.019 

-1.57 

53.499 

2599.690 

25.182 

.033 

.018 

1.79 

53.749 

2626.297 

26.607 

.053 

.018 

2.94 

. 

36. 


..I  130  2804  50.00  77 

..BRANCH  0040R 


THETA  INTEGRATED 

intensity 

RATE  OF 

PROBABLE 

INTENSITY 

CHANGE 

ERROR 

25.249 

4  •  449 

4.449 

1.000 

.015 

66.40 

25.499 

10.357 

5.908 

.246 

.013 

18.54 

25.749 

16.442 

6.084 

.029 

.013 

2.17 

25.999 

24.119 

7.677 

.207 

.012 

17.10 

26.249 

74.790 

50.671 

.848 

.004 

176.40 

26.499 

94.473 

19.683 

-1.574 

.007 

-200.23 

26.749 

105.513 

11.040 

-.782 

.010 

-73.20 

26.999 

166.515 

61.001 

.819 

.004 

176.71 

27.249 

180.771 

14.255 

-3.279 

.009 

-335.77 

27.499 

188.589 

7.818 

-.823 

.013 

-61.29 

27.749 

196.217 

7.627 

-.025 

.013 

-1.81 

27.999 

204.455 

8.237 

.074 

.013 

5.45 

28.249 

212.259 

7.804 

-.055 

.014 

-3.90 

28.499 

220.015 

7.756 

-.006 

.014 

-.42 

28.749 

228.091 

8.076 

.039 

.014 

2.73 

28.999 

237.019 

8.927 

.095 

.014 

6.79 

29.249 

246.207 

9.187 

.028 

.014 

2.01 

29.499 

256.165 

9.958 

.077 

.013 

5.62 

29.749 

297.910 

41 . 745 

.761 

.006 

111.17 

29.999 

323.378 

25.467 

-.639 

.008 

-71.71 

30.249 

332.799 

9.420 

-1.703 

.014 

-114.45 

30.499 

341 .800 

9.001 

-.046 

.015 

-3.01 

30.749 

35  1.717 

9.917 

.092 

.014 

6.17 

30.999 

362.145 

10.427 

.048 

.014 

3.30 

31.249 

372.536 

10.391 

-.003 

.015 

-.22 

31.499 

384.108 

11.571 

.101 

.014 

7.04 

31.749 

430.856 

46.748 

.752 

.007 

102.88 

31.999 

459.094 

28.237 

-.655 

.009 

-68.63 

32.249 

470.541 

11.447 

-1.466 

.015 

-96.34 

32.499 

480.879 

10.337 

-.107 

.016 

-6.60 

32.749 

491.663 

10.783 

.041 

.016 

2.56 

32.999 

502.064 

10.401 

-.036 

.016 

-2.20 

33.249 

512.417 

10.352 

-.004 

.016 

-.27 

33.499 

523.223 

10.806 

.041 

.016 

2.49 

33.749 

533.630 

10.406 

-.038 

.017 

-2.20 

33.999 

544.925 

1 1.294 

.078 

.016 

4.63 

34.249 

556.328 

1 1.402 

.009 

.017 

.55 

34.499 

568.431 

12.103 

.057 

.016 

3.43 

34.749 

582.851 

14.419 

.160 

.015 

10.27 

34.999 

619.242 

36.390 

.603 

.009 

60.62 

35.249 

642.340 

23.097 

-.575 

.012 

-45.49 

35.49P 

655.120 

12.779 

-.807 

.017 

-46.92 

35 . 749 

669.364 

14.244 

.102 

.016 

6.23 

. 

37. 

35.999 

683.761 

14.396 

.010 

.016 

.63 

36.249 

700.051 

16.290 

.116 

.015 

7.36 

36.499 

716.954 

16.902 

.036 

.015 

2.31 

36.749 

803.174 

86.220 

.803 

.007 

114.63 

36.999 

856.029 

52.854 

-.631 

.009 

-69.70 

37.249 

888.641 

32.612 

-.620 

.011 

-53.24 

37.499 

926.742 

38.100 

.  144 

.010 

13.21 

37.749 

953.100 

26.358 

-.445 

.013 

-33.62 

37.999 

968.710 

15.609 

-.688 

.017 

-39.56 

38.249 

984.150 

15 .440 

-.010 

.017 

-.61 

38.499 

1000.112 

15.961 

.032 

.017 

1.85 

38 . 749 

1015.925 

15.812 

-.009 

.017 

-.52 

38.999 

1031.794 

15.869 

.003 

.017 

.19 

39.249 

1047.882 

16.087 

.013 

.018 

.  74 

39.499 

1064.774 

16.892 

.047 

.017 

2.67 

39.749 

1107.934 

43.160 

.608 

.011 

54.16 

39.999 

1139.111 

31.176 

-.384 

.013 

-28.82 

40.249 

1  1  56.997 

17.886 

-.743 

.017 

-41.85 

40.499 

1173.690 

16.692 

-.071 

.018 

-3.85 

40.749 

1190.348 

16.657 

-.002 

.018 

-.11 

40.999 

1207.233 

16.885 

.013 

.018 

.72 

41.249 

1224.450 

17.216 

.019 

.018 

1.02 

41.499 

1263.609 

39.159 

.  560 

.012 

44.86 

41.749 

1292.477 

28.868 

-.356 

.014 

-24.31 

41.999 

1325.565 

33.087 

.127 

.013 

9.24 

42.249 

1359.382 

33.817 

.021 

.013 

1.56 

42.499 

1391.225 

31 .842 

-.062 

.014 

-4.34 

42.749 

1409.275 

18.050 

-.764 

.019 

-40.03 

42.999 

1426*618 

17.342 

-.040 

.019 

-2.08 

43.249 

1444.152 

17.534 

.010 

.019 

.55 

43.499 

146 1.170 

17,017 

-.030 

.020 

-1.51 

43.749 

1479.245 

18.075 

.058 

.019 

2.98 

43.999 

1496.935 

17.690 

-.021 

.019 

-1.09 

44.249 

1514.830 

17.895 

.on 

.019 

.57 

44.499 

1536.645 

21.814 

.179 

.018 

9.90 

44.749 

1558.196 

21.551 

-.012 

.018 

-.66 

44.999 

1577.690 

19.494 

-.105 

.019 

-5.43 

45.249 

1597.874 

20.184 

.034 

.019 

1.78 

45.499 

1617.880 

20.005 

-.008 

.019 

-.46 

45 . 749 

1638.101 

20.221 

.010 

.019 

.55 

45 .999 

1662.525 

24.424 

.172 

.017 

9.73 

46.249 

1736.088 

73.562 

•  6  6  7 

.010 

65.26 

46.499 

1786.387 

50.299 

-.462 

.012 

-37.20 

46.749 

1849.669 

63.281 

.205 

.011 

18.43 

46.999 

1877.270 

27.601 

-1.292 

.016 

-76.41 

47.249 

1916.755 

39.485 

.300 

.014 

21.19 

47.499 

1939.100 

22.344 

-.767 

.018 

-40.49 

. 

. 

38. 


47.749 

1961.167 

22.067 

-.012 

.019 

-.65 

47.999 

1983.230 

22.062 

0.000 

.019 

-.01 

48 .249 

2005.136 

21.905 

-.007 

.019 

-.37 

48.499 

2027.327 

22.191 

.012 

.019 

.66 

40. 


..I  1 3  0  A  2804  90.00  77 

..BRANCH  0040R 


THETA  INTEGRATED 

INTENSITY 

RATE  OF 

PROBABLE 

INTENSITY 

CHANGE 

ERROR 

45.249 

21.220 

21.220 

1.000 

.018 

53.45 

45.499 

41.555 

20.335 

-.043 

.019 

-2.26 

45 .749 

63.255 

21.700 

.062 

.018 

3.36 

45.999 

88.341 

25.085 

.134 

.017 

7.73 

46.249 

165.685 

77.344 

.675 

.009 

67.68 

46.499 

217.164 

51.478 

-.502 

.012 

-40.89 

46.749 

282.563 

65.398 

.212 

.010 

19.44 

46.999 

311.168 

28 . 605 

-1.286 

.016 

-77.40 

47.249 

35 1 . 840 

40.671 

.296 

.013 

21.20 

47.499 

375.108 

23.268 

-.747 

.018 

-40.28 

47.749 

396.658 

21.549 

-.079 

.019 

-4.  11 

47.999 

419.497 

22.839 

.056 

.018 

2.99 

48.249 

441.164 

21.666 

-.054 

.019 

-2.78 

48.499 

463.576 

22.412 

.033 

.019 

1.73 

48.749 

486.852 

23.275 

.037 

.018 

1.96 

48.999 

531.295 

44.442 

.476 

.013 

34.77 

49.249 

589.850 

58.555 

.241 

.011 

20. 14 

49.499 

641.200 

51.350 

-.140 

.012 

-10.95 

49.749 

667.568 

26.368 

-.947 

.017 

-52.86 

49.999 

692.650 

25.081 

-.051 

.018 

-2.78 

50.249 

717.518 

24.867 

-.008 

.018 

-.46 

50.499 

742.473 

24.954 

.003 

.018 

.18 

50.749 

780.742 

38.269 

.347 

.015 

23.18 

50.999 

869.027 

88.285 

.566 

.009 

57.22 

51.249 

929.606 

60.578 

-.457 

.011 

-38.20 

51.499 

959.332 

29.726 

-1.037 

.017 

-60.63 

51 . 749 

982.938 

23.605 

-.259 

.019 

-13.51 

51.999 

1006.317 

23.379 

-.009 

.019 

-.49 

52.249 

1029.279 

22.962 

-.018 

.019 

-.93 

52.499 

1051.237 

21 . 957 

-.045 

.019 

-2.28 

52.749 

1074.293 

23.056 

.047 

.019 

2.44 

52.999 

1097.689 

23.396 

.014 

.019 

.  75 

53.249 

1120.756 

23.066 

-.014 

.019 

-.73 

53.499 

1144.025 

23.269 

.008 

.019 

•  44 

53.749 

1168.159 

24.133 

.035 

.019 

1 .87 

53.999 

1195.570 

27.411 

.119 

.017 

6.67 

54.249 

1220.365 

24.795 

-.105 

.018 

-5.59 

54.499 

1245.190 

24.825 

.001 

.018 

.06 

54.749 

1268.938 

23.747 

-.045 

.019 

-2.35 

54.999 

1292.877 

23.939 

.  008 

.019 

.41 

55.249 

1317.199 

24.322 

.015 

.019 

.82 

55.499 

1342.689 

25.489 

.045 

.018 

2.46 

55.749 

1388.270 

45 .580 

.440 

.013 

31.79 

.0  < 

41. 


55*999 

1414.176 

25.906 

-.759 

.018 

-41.33 

56.249 

1459.021 

44.845 

.422 

.013 

30.26 

56.499 

1514.599 

55.578 

.193 

.012 

15.42 

56.749 

1543.385 

28.786 

-.930 

.017 

-53.55 

56.999 

1584.595 

41.210 

.301 

.014 

20.78 

42. 


.  .  I  134  2804  50.00  300K 

..BRANCH  0040R 


THETA  INTEGRATED 

INTENSITY 

RATE  OF 

PROBABLE 

intensity 

CHANGE 

ERROR 

25.249 

5.641 

5.641 

1.000 

.013 

74.77 

25.499 

12.638 

6 . 996 

.193 

.012 

15.83 

25.749 

20.319 

7.680 

.089 

.011 

7.48 

25.999 

42.878 

22.558 

.659 

.007 

93.21 

26.249 

85.220 

42 . 341 

.467 

.005 

88.79 

26.499 

96.441 

11.221 

-2 . 773 

.010 

-266.32 

26.749 

127.171 

30.730 

.634 

.006 

99.03 

26.999 

161.957 

34.786 

.116 

.006 

18.99 

27.249 

172.450 

10.493 

-2.315 

.011 

-203.38 

27.499 

1 8 1.203 

8.752 

-.198 

.012 

-15.66 

27,749 

190.133 

8.929 

.019 

.012 

1.54 

27.999 

198.936 

8.802 

-.014 

.013 

-1.09 

28.249 

207.622 

8.685 

-.013 

.013 

-1.00 

28.499 

216.306 

8 .683 

0.000 

.013 

-.01 

28.749 

225.354 

9.048 

.040 

.013 

2.94 

28.999 

235.273 

9.918 

.087 

.013 

6.58 

29.249 

245.409 

10.136 

.021 

.013 

1.60 

29.499 

263.245 

17.835 

.431 

.010 

41 . 94 

29.749 

302.009 

38.764 

.539 

.007 

75.95 

29.999 

316.509 

14.499 

-1.673 

.011 

-141.66 

30.249 

326.863 

10.353 

-.400 

.014 

-28.21 

30.499 

337.292 

10.429 

.007 

.014 

.50 

30.749 

348.375 

11.082 

.058 

.014 

4.  16 

30.999 

359.710 

11 .335 

.022 

.014 

1.57 

31.249 

371.284 

11.573 

.020 

.014 

1.44 

31 .499 

394.939 

23.654 

.510 

.010 

50.41 

31 . 749 

432.267 

37.328 

•  3  6  6 

.008 

44.75 

31.999 

448.833 

16.565 

-1.253 

.012 

-100.51 

32.249 

460.788 

11.955 

-.385 

.014 

-25.89 

32.499 

472.277 

11.489 

-.040 

.015 

-2.62 

32.749 

483.601 

11.324 

-.014 

.015 

-.92 

32.999 

494.844 

11.242 

-.007 

.016 

-.45 

33.249 

506.340 

11.496 

.022 

.016 

1 . 37 

33.499 

517.444 

11.104 

-.035 

.016 

-2.12 

33.749 

529.310 

1 1 .865 

.064 

.016 

3.93 

33.999 

541.638 

12.328 

.037 

.016 

2.31 

34.249 

554.015 

12.377 

.003 

.016 

.24 

34.499 

567.276 

13.260 

.066 

.016 

4.13 

34.749 

593.998 

26.721 

.503 

.011 

43.86 

34.999 

617.199 

23.201 

-.151 

.012 

-12.16 

35.249 

631.852 

14.653 

-.583 

.015 

-36.73 

35.499 

646.983 

15.131 

.031 

.015 

1.99 

35.749 

662.461 

15.477 

.  022 

.015 

h-» 

• 

4> 

h- » 

. 

43. 


35 . 999 

678.954 

16 . 493 

.061 

.015 

3.97 

36.249 

697.519 

18.564 

.111 

.014 

7.55 

36.499 

732.974 

35.455 

.476 

.010 

44 .05 

36.749 

795.277 

62.302 

.430 

.008 

52.23 

36.999 

836.773 

41.496 

-.501 

.010 

-49 .05 

37.249 

878.868 

42.094 

.014 

.010 

1.38 

37.499 

910.055 

31.187 

-.349 

.012 

-29.02 

37.749 

929.023 

18.968 

-  •  644 

.015 

-41 . 24 

37.999 

946.484 

17.460 

-.086 

.016 

-5.24 

38.249 

963.951 

17.467 

0.000 

.016 

.02 

38.499 

981.781 

17.829 

.020 

.016 

1.22 

38.749 

999.429 

17.648 

-.010 

.016 

-.60 

38.999 

1017.486 

18.056 

.022 

.016 

1.33 

39.249 

1035.602 

18.115 

.003 

.017 

.19 

39.499 

1062.225 

26.623 

.319 

.014 

22.55 

39.749 

1093.836 

31.611 

.157 

.013 

12.01 

39.999 

1120.119 

26.283 

-.202 

.014 

-13.95 

40.249 

1139.066 

18.946 

-.387 

.017 

-22.44 

40.499 

1158.081 

19.015 

.003 

.017 

.20 

40.749 

1177.200 

19.118 

.005 

.017 

.31 

40.999 

1197.286 

20.086 

.048 

.017 

2.80 

41 .249 

1221.487 

24.201 

.170 

.015 

10.78 

41.499 

1253.669 

32.182 

.247 

.013 

17.99 

41 .749 

1283.530 

29.860 

-.077 

.014 

-5.39 

41.999 

1320.542 

37.011 

.193 

.013 

14.81 

42.249 

1351.195 

30.653 

-.207 

.014 

-14.36 

42.499 

1372.966 

21 . 771 

-.407 

.017 

-23.63 

42.749 

1392.620 

19.653 

-.107 

.018 

-5.89 

42 .999 

1412.412 

19.792 

.006 

.018 

.38 

43.249 

143 1 .772 

19.360 

-.022 

.018 

-1.19 

43.499 

145 1.312 

19.539 

.009 

.018 

.49 

43.749 

1471.205 

19.893 

.017 

.018 

.95 

43.999 

1491.201 

19.995 

.005 

.018 

.27 

44.249 

1513.370 

22.169 

.098 

.017 

5.48 

44.499 

1535.797 

22.427 

.011 

.017 

.64 

44.749 

1557.752 

21.955 

-.021 

.018 

-1 .  18 

44.999 

1579.174 

21.421 

-.024 

.018 

-1.34 

45.249 

160 1.660 

22.486 

.047 

.018 

2.60 

45.499 

1624.780 

23.120 

.027 

.018 

1.52 

45.749 

1651.513 

26.732 

.135 

.016 

8.03 

45.999 

1701.832 

50.318 

.468 

.012 

38.04 

46.249 

] 739.889 

38.057 

-.322 

.014 

-22.63 

46.499 

1785.933 

46.043 

.173 

.012 

13.34 

46.749 

1823.525 

37.591 

-.224 

.014 

-15.57 

46.999 

1857.795 

34.270 

-.096 

.015 

-6.38 

47.249 

1883.603 

25.807 

-.327 

.017 

-18.67 

47.499 

1909.029 

25.426 

-.014 

.017 

-.84 

. 

44. 


47.749 

1934.772 

25.742 

.012 

.017 

.69 

47.999 

1960.296 

25.524 

-.008 

.017 

-.47 

48 .249 

1985.988 

25.691 

.006 

.017 

.36 

48 .499 

201 1.712 

25 . 724 

.001 

.017 

.07 

48 .749 

2042.897 

31.185 

.175 

.016 

10.74 

48.999 

2096.992 

54.095 

.423 

.012 

34.  1 1 

49.249 

2136.089 

39.096 

-.383 

.014 

-26.19 

49.499 

2171.424 

35.334 

-.106 

.015 

-6.89 

49.749 

2200.256 

28.832 

-.225 

.017 

-13.15 

49.999 

2227.529 

27.272 

-.057 

.017 

-3.23 

50.249 

2255.330 

27.801 

.019 

.017 

1 . 08 

50.499 

2290.750 

35.419 

.215 

.015 

13.81 

50.749 

2352.916 

62.166 

.430 

.011 

36.53 

50.999 

2394.247 

41.330 

-.504 

.014 

-34.84 

51.249 

2434.604 

40.357 

-.024 

.014 

-1.64 

51.499 

2462.291 

27.687 

-.457 

.017 

-25.80 

51 . 749 

2^89.283 

26.991 

-.025 

.017 

-1.43 

51.999 

2515.919 

26.635 

-.013 

.018 

-.73 

52.249 

2541.590 

25.671 

-.037 

.018 

-2.03 

52.499 

2566.930 

25 . 340 

-.013 

.018 

-.70 

52.749 

2591.588 

24.658 

-.027 

.018 

-1.46 

52.999 

2617.725 

26.136 

.056 

.018 

3.08 

53.249 

2643.1 38 

25.413 

-.028 

.018 

-1.52 

53.499 

2669.624 

26.486 

.040 

.018 

2.22 

53.749 

2697.599 

27.975 

.053 

.017 

2.99 

53.999 

2723.503 

25.903 

-.079 

.018 

-4.33 

54.249 

2751.024 

27.520 

.058 

.017 

3.28 

54.499 

2777.079 

26.055 

-.056 

.018 

-3.05 

54.749 

2803.609 

26.529 

.017 

.018 

.98 

54.999 

283  1 .161 

27.551 

.037 

.017 

2.07 

55.249 

2858.738 

27.577 

0.000 

.017 

.05 

55.499 

2893.565 

34.827 

.208 

.015 

13.11 

. 

45. 


APPENDIX  III 

Results  of  Debye  Temperature  Determinations  by  the  Ratio  Method 


The  data  listed  here  are  printed  by  the  Fortran  program  shown 
on  page  115.  The  numerical  analysis  is  described  on  pages  112  to  1 1  6  . 
Each  page  contains  the  results  of  one  determination  of  the  Debye  temper¬ 
ature.  The  first  three  lines  on  each  page  are  the  input  data.  For  the 
results  shown  on  page  46  the  input  data  have  the  following  meanings: 

607  .7  -  -  integrated  intensity  at  T  1 
355..  6  --  integrated  intensity  at  T2 
77.0  --  T  1 
300.  0  --  T2 

101.80  --  Bragg  angle  at  T1 
101.51  -  -  Bragg  angle  at  T2 
450.0  --  Estimated  Debye  temperature 
0.71069  --  x-ray  wavelength 

2 

0.  3916114E-13  --  a  constant  containing  the  factor  (12h  / mk) 


■ 


46. 


607.7000000  355.60000000  77.00000  300.000000 

101.8000  101.5100  450.0000 

.71069000  .391611 40E- 1 3 


DEBYE 

OLD 

TEMP 

NEW 

INTENSITY 

OBSERVED 

RATO 

COMPUTED 

(OBS-COMP ) /OBS 

450. 

00 

408.33 

1 . 70894250 

1.52101480 

.10996724 

408. 

33 

405.29 

1 . 70894250 

1.68905240 

.01163883 

405. 

29 

404.60 

1 . 70894250 

1 .70430650 

.00271278 

404  • 

60 

404.43 

1 . 70894250 

1 .70782870 

.00065174 

404. 

43 

404.39 

1 . 70894250 

1.70867430 

.00015693 

404. 

39 

404.39 

1 . 70894250 

1 .70887690 

.00003838 

570.7000000  366.20000000  77.00000  300*000000 

101.8000  101.5100  450.0000 

.71069000  . 39161 140E-1 3 


DEBYE  TEMP 
OLD  NEW 


INTENSITY  RATO 
OBSERVED  COMPUTED 


( OBS-COMP ) /OBS 


450.00  441.30  1 
441.30  439.63  1 
439.63  439.26  1 
439.26  439.18  1 
439.18  439.16  1 


.55843790 

1 .52101480 

.55843790 

1 .55070880 

.55843790 

1 .55668340 

.55843790 

1 .55803350 

.55843790 

1 .55834370 

.02401321 

.00495951 

.00112580 

.00025949 

.00006044 


300.000000 


577.1000000  358.80000000  77.00000 
101.8000  101.5100  450.0000 

.71069000  . 39161 140E-1 3 


DEBYE  TEMP 

OLD  NEW 

intensity 

OBSERVED 

RATO 

COMPUTED 

( OBS-COMP ) /OBS 

450.00 

430.01 

1 . 60841680 

1.52101480 

.05434039 

430.01 

427.06 

1 . 60841680 

1 .59309190 

.00952794 

427.06 

426.41 

1 . 60841680 

1.60493790 

.00216293 

426.41 

426.26 

1.60841680 

1.60760440 

.00050509 

426.26 

426.23 

1 .60841680 

1.60822480 

.00011937 

426.23 

426.22 

1 . 60841680 

1.60837190 

.00002791 

300*000000 


606.9000000  357 . 70000000  77.00000 
101.8000  101.5100  450.0000 

.71069000  .391611 40 E- 13 


DEBYE  TEMP 

OLD  NEW 

INTENS I TY 
OBSERVED 

RATO 

COMPUTED 

(OBS-COMP ) /OB S 

450.00 

410.90 

1.69667300 

1 .52101480 

.10353096 

410.90 

407.73 

1.69667300 

1.67649890 

.01189038 

407.73 

407.02 

1 . 69667300 

1.69199250 

.00275863 

407.02 

406.85 

1.69667300 

1.69555290 

.00066017 

406.85 

406.81 

1.69667300 

1.69640420 

.00015842 

406.8 1 

406.80 

1.69667300 

1.69660740 

.00003866 

50. 


572.4000000  354.10000000  77.00000  300.000000 

101.8000  101.5100  450.0000 

.71069000  .39161 140E-13 


DEBYE  TEMP  INTENSITY  RATO  ( OBS-COMP ) /OBS 


OLD 

NEW 

OBSERVED 

COMPUTED 

450.00 

428.22 

1.61649240 

1 .52101480 

.05906467 

428.22 

425.15 

1.61649240 

1.60025190 

.01004675 

425.15 

424.48 

1 . 61649240 

1.61280150 

.00228327 

424.48 

424.32 

1.61649240 

1.61562800 

.00053473 

424.32 

424.28 

1.61649240 

1.61628950 

.00012551 

424.28 

424.27 

1.61649240 

1.61644370 

.00003012 

51. 


602.500^000  385.10000000  77.00000  300.000000 

101.8000  101.5100  450.0000 

.71069000  .391611 40E- 13 


DEBYE  TEMP 
OLD  NEW 


INTENSITY  RATO 
OBSERVED  COMPUTED 


( OBS-COMP ) /OBS 


450.00  439.91 
439.91  438.03 
438.03  437.61 
437.61  437.51 
437.51  437.49 


1 .56452850 

1 . 56452850 

1 . 56452850 

1 .56452850 

1 . 56452850 


1 .52101480 
1 .55570220 
1.56252590 
1 .56406570 
1.56442130 


.02781266 

.00564150 

.00128000 

.00029580 

.00006851 


52. 


616.1000000  379.10000000  77.00000  300.000000 

101.8000  101.5100  450.0000 

.71069000  . 39161 140E-1 3 


DEBYE  TEMP 

OLD  NEW 

INTENSITY 

OBSERVED 

RATO 

COMPUTED 

(OBS-COMP ) /OBS 

450.00 

426.31 

1.62516470 

1 .52101480 

.06408575 

426.31 

423.14 

1.62516470 

1.60804150 

.01053628 

423.14 

422.44 

1.62516470 

1.62126880 

.00239723 

422.44 

422.27 

1.62516470 

1.62424970 

.00056301 

422.27 

422.23 

1.62516470 

1.62494940 

.00013247 

422.23 

422.23 

1 . 62516470 

1.62511360 

.00003144 

53. 


126.1430000  78.16200000  77.00000  300.000000 

101.8000  101.5100  450.0000 

.71069000  .39161 140E-13 


DEBYE 

OLD 

TEMP 
•  NEW 

INTENSITY 

OBSERVED 

RATO 

COMPUTED 

(OBS-COMP ) /OBS 

450. 

00 

428.80 

1.61386590 

1 .52101480 

.05753334 

428. 

80 

425.77 

1.61386590 

1 .59791340 

.00988465 

425. 

77 

425.10 

1.61386590 

1.61024190 

.00224553 

425. 

10 

424.95 

1.61386590 

1.61301820 

.00052526 

424. 

95 

424.91 

1.61386590 

1.61366600 

.00012386 

424. 

91 

424.90 

1.61386590 

1.61381900 

.00002906 

54. 


642 • 4000000  439.90000000  77.00000  300.000000 

101.8000  101.5100  450.0000 

.71069000  • 39161 140E-1 3 


DEBYE  T 
OLD 

EMP 

NEW 

INTENSITY  RATO 
OBSERVED  COMPUTED 

( OBS-COMP ) /OBS 

450.00 

464.56 

1.46033170 

1 .52101480 

.04155432 

464.56 

468 . 87 

1.46033170 

1.47624400 

.01089636 

468.87 

469.91 

1.46033170 

1.46406420 

.00255592 

469.91 

470.15 

1.46033170 

1.46117420 

.00057692 

4> 

o 

. 

i—* 

470.20 

1.46033170 

1.46051950 

.00012860 

470.20 

470.22 

1.46033170 

1.46037400 

.00002896 

300.000000 


627.1000000  400.00000000  77.00000 
101.8000  101.5100  450.0000 

.71069000  .39161140E-13 


DEBYE  TEMP 

OLD  NEW 

INTENSITY 

OBSERVED 

RATO 

COMPUTED 

( OBS-COMP ) /OBS 

450.00 

439.17 

1 . 56774990 

1 .52101480 

.02981030 

439. 17 

437.19 

1 . 56774990 

1 .55836140 

.00598851 

437.19 

436.75 

1 .56774990 

1 . 56562100 

.00135793 

436.75 

436.64 

1 . 56774990 

1.56725690 

.00031446 

436.64 

436.62 

1 . 56774990 

1.56763550 

.00007297 

2*2873000  1.86680000  77.00000  300.000000 

59.3500  59.2200  450.0000 

.71069000  .391611 40F- 1 3 


DEBYE  TEMP 
OLD  NEW 


INTENSITY  RATO 
OBSERVED  COMPUTED 


(OBS-COMP ) /OB S 


450.00  421.50 
421.50  418.18 
418.18  417.44 
417.44  417.27 
417.27  417.23 


1.22525160 

1.22525160 

1.22525160 

1.22525160 

1.22525160 


1 .18615810 
1.21951340 
1.22394400 
1.22494280 
1.22517810 


.03190650 
.00468328 
.00106720 
.00025202 
. 00005998 
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57. 


63,3400  63.2100  450.0000 

1.9903000  1.49020000  77.00000  300.000000 

.71069000  .39161140 E~ 13 


DEBYE  TEMP 

OLD  NEW 

INTENSITY 

OBSERVED 

RATO 

COMPUTED 

(OBS-COMP ) /OBS 

450.00 

374.04 

1 .33559240 

1.21179040 

.09269444 

374.04 

375.48 

1.33559240 

1 . 34011930 

.00338943 

375.48 

375.85 

1.33559240 

1.33674960 

.00086643 

375.85 

375.95 

1.33559240 

1 .33588400 

.00021833 

375.95 

375.97 

1 .33559240 

1.33566590 

.00005503 

58. 


5.2422000  3.78470000 

69.5600  69.5300 

.71069000  .39161140E-13 


77.00000 

450.0000 


300.000000 


DERYE 

OLD 

T  EMP 

NFW 

I ntens  i  ty 

OBSERVED 

RATO 

COMPUTED 

(OBS-COMP ) /OBS 

450. 

00 

385 . 59 

1 . 38510300 

1.25597820 

.09322396 

385. 

59 

384.99 

1.38510300 

1 .38300820 

.00151237 

384. 

99 

384.84 

1 .38510300 

1 .38458640 

.00037296 

384. 

84 

384.81 

1.38510300 

1 .38497470 

.00009262 

59. 


3*  6491000  2 •  72640000  77.00000  300.000000 

73.3400  73.2400  450.0000 

.71069000  .39161 140E-13 


DEBYE  TEMP 
OLD  NEW 


INTENSITY  RATO 
OBSERVED  COMPUTED 


(OBS-COMP ) /OBS 


450.00  424 • 48 
424.48  421.23 
421.23  420.51 
420.51  420.34 
420.34  420.30 


1 .338431  50 

1 .338431  50 

1 .338431  50 
1.33843150 
1 .33843150 


1  .28290390 
1 .32968670 
1 .33643910 
1.33796240 
1 . 33832040 


.04148706 

.00653361 

.00148860 

.00035048 

.00008300 


60. 


1,7577000  1,26190000  77.00000  300 

79.5100  79.2400  450.0000 

.71069000  .39161140E-13 


DEBYE  TEMP 
OLD  NEW 


INTENSITY  RATO 
OBSERVED  COMPUTED 


450.00  424.98 
424.98  421.76 
421.76  421.05 
421.05  420.88 
420.88  420.84 


1 . 39289940 
1 .39289940 
1 . 39289940 
1 . 39289940 
1 . 39289940 


1.32845550 
1 .38268760 
1 .39058020 
1 .39235510 
1.39277090 


.000000 


(OBS-COMP ) /OBS 

.04626601 

.00733132 

.00166501 

.00039076 

.00009225 


1.9071000  1.33440000  77.00000  300.000000 

83.6000  83.3800  430.0000 

.71069000  .  39161  140E-1 3 


DEBYE  TEMP 
OLD  NEW 


INTENSITY  RATO 
OBSERVED  COMPUTED 


(OBS-COMP ) /OB S 


450.00  426.80 

426.80  423.65 
423.65  422.96 
422.96  422.80 

422.80  422.76 


1.42918150 

1.42918150 

1.42918150 

1.42918150 

1.42918150 


1 . 36242990 
1.41819010 
1.42668450 
1.42859630 
1.42904330 


.04670617 
.00769069 
.00174715 
.00040946 
.  00009669 


62. 


1.1209000  .86950000  77.00000  300.000000 

88.9400  88.6200  450.0000 

.71069000  .391611 40E~ 13 


DEBYE  TEMP 

OLD  NEW 

INTENSITY 

OBSERVED 

RATO 

COMPUTED 

(OBS-COMP ) /OBS 

450.00 

488.21 

1.28913150 

1.40606730 

.09070897 

488.21 

504.29 

1.28913150 

1 .32551700 

.02822481 

504.29 

508.88 

1.28913150 

1.29835760 

. 00715683 

508.88 

509.94 

1.28913150 

1.29119100 

.00159758 

509.94 

510.16 

1.28913150 

1.28957160 

.00034139 

510.16 

510.21 

1.28913150 

1.28922450 

.00007214 

63. 


2.1774000  1.35900000  77.00000  300.000000 

98.2500  97.9800  450.0000 

.71069000  .39161140 E- 13 


DEBYE  TEMP  INTENSITY  RATO  ( OBS-COMP ) /OBS 


OLD 

NEW 

OBSERVED 

COMPUTED 

450.00 

422.41 

1.60220740 

1 .48908610 

.07060340 

422.41 

419.1 1 

1 . 60220740 

1 .58498060 

.01075191 

419.11 

418.37 

1.60220740 

1 .59827490 

.00245442 

418.37 

418.20 

1.60220740 

1.60127980 

.00057895 

418.20 

418.16 

1.60220740 

1.60198740 

.00013731 

418. 16 

418.15 

1.60220740 

1.60215460 

.00003295 

64. 


1.8127000  1.22700000  77.00000  300.000000 

101.8000  101.5100  450.0000 

.71069000  . 39161140 F- 13 


DEBYE  TEMP 
OLD  NEW 


INTENSITY  RATO 
OBSERVED  COMPUTED 


( OBS-COMP ) /OBS 


450.00  460.41 
460.41  463.29 
463.29  463.98 
463.98  464.13 
464.13  464.17 


1.47734300 

1.47734300 

1.47734300 

1.47734300 

1.47734300 


1 .52101480 
1.48839390 
1.47991120 
1.47792530 
1.47747390 


.02956104 
.00748025 
. 00173839 
.00039415 
. 00008860 


300.000000 


55.0760000  48.78900000  77.00000 

53.7000  53.6000  450.0000 

.71069000  .39161 140E-1 3 


DEBYE 

OLD 

TEMP 

NEW 

INTENSITY 

OBSERVED 

RATO 

COMPUTED 

(OBS-COMP ) /OBS 

450. 

00 

472.15 

1 .12886090 

1.15282770 

.02123095 

472. 

15 

479.55 

1 . 12886090 

1 .13563340 

.00599941 

479. 

55 

481.43 

1 .12886090 

1 .13049070 

.00144375 

481 . 

43 

481.86 

1 .12886090 

1 .12922730 

.00032457 

481  . 

86 

481.96 

1 .12886090 

1 .12894190 

.00007175 

300.000000 


5  3  *  4430000  43.53500000  77.00000 

59.3400  59.2200  450.0000 

.71069000  .39161140 E- 13 


DEBYE  TEMP 

OLD  NEW 

INTENSITY 

OBSERVED 

RATO 

COMPUTED 

( OBS-COMP ) /OBS 

450.00 

419.87 

1.22758680 

1 .18620390 

.03371077 

419.87 

416.53 

1.22758680 

1.22172520 

.00477489 

416.53 

415.78 

1.22758680 

1.22624790 

.00109067 

415.78 

415.61 

1.22758680 

1.22727040 

.00025774 

415.61 

415.57 

1.22758680 

1.22751150 

.00006133 

67. 


63,5000000  50.74000000  77.00000  300.000000 

63.3400  63.2100  450.0000 

.71069000  .39161140E-13 


DEBYE  TEMP 
OLD  NEW 


INTENSITY  RATO 
OBSERVED  COMPUTED 


(OBS-COMP ) /OBS 


450.00  424.83 
424.83  421.60 
421.60  420.88 
420.88  420.71 
420.71  420.67 


1.25147800 

1.25147800 

1.25147800 

1.25147800 

1.25147800 


1.21179040 
1 . 24522540 
1.25005580 
1.25114400 
1.25139880 


.03171258 

.00499617 

.00113641 

.00026688 

.00006328 


68. 


37,4510000 

27.79500000 

77.00000 

300.000000 

69 . 5600 
.71069000  .39 

69.5300 

161140E-13 

450.0000 

debye  temp 

INTENS] 

: t y  rato 

( OBS-COMP ) /OBS 

OLD  NEW 

OBSERVED 

COMPUTED 

450.00 

403.75 

1 . 34740050 

1.25597820 

.06785087 

403.75 

400.99 

1 . 34740050 

1 .33935520 

.00597097 

400.99 

400.36 

1.34740050 

1 . 34550680 

.00140544 

400.36 

400.21 

1 . 34740050 

1 . 34694220 

.00034013 

400.21 

400.17 

1 .34740050 

1 . 34728890 

.00008282 

69. 


172.4960000  125.61600000  77.00000  300.000000 

73.3400  73.2400  450.0000 

.71069000  .39161 140E-13 


DEBYE  TEMP 
OLD  NEW 


INTENSITY  RATO 
OBSERVED  COMPUTED 


( OBS-COMP ) /OBS 


450.00  409.04 
409.04  405.95 
405.95  405.24 
405.24  405.08 
405.08  40  5.04 


1 . 37320070 

1 .37320070 

1 .37320070 

1 .37320070 

1 .37320070 


1.28290390 
1 .36356630 
1 .37095870 
1 .37266290 
1 .37307060 


.06575644 
.00701601 
.00163268 
.00039163 
. 00009474 


70. 


45.1040000  33.13100000  77.00000  300.000000 

79.5100  79.2400  450.0000 

.71069000  .39161140E-13 


DEBYE 

OLD 

T  EMP 

NEW 

INTENSITY 

OBSERVED 

rato 

COMPUTED 

( OBS-COMP ) /OBS 

450. 

00 

437.06 

1 . 36138340 

1 .32845550 

.02418708 

437. 

0  6 

434.81 

1.36138340 

1 .35500000 

.00468890 

434. 

81 

434.31 

1 .36138340 

1 .35993980 

.00106039 

434. 

31 

434.19 

1 . 36138340 

1.36104910 

.00024555 

434. 

19 

434.17 

1 . 36138340 

1.36130610 

.00005678 

71. 


155.8020000  97.39900000  77.00000  300.000000 

92.7700  92.5200  450.0000 

.71069000  .391611 40 E- 13 


DEBYE 

OLD 

TEMP 

NEW 

INTENSITY 

OBSERVED 

RATO 

COMPUTED 

( OBS-COMP ) /OBS 

450. 

00 

406.93 

1.59962610 

1 .44047980 

.09948968 

406. 

93 

403.97 

1.59962610 

1 .58368900 

.00996301 

403. 

97 

403.30 

1.59962610 

1 .59590420 

.00232673 

403. 

30 

403. 14 

1.59962610 

1 .59873040 

.00055994 

403. 

14 

403.10 

1 . 59962610 

1 .59940900 

.00013571 

403. 

10 

403.09 

1 .59962610 

1 .59957330 

.00003300 

72. 


1.8150000  1.20140000  77.00000  300.000000 

98.2500  97.9800  450.0000 

.71069000  .39161140E-13 


DEBYE  TEMP 
OLD  NEW 


INTENSITY  RATO 
OBSERVED  COMPUTED 


(OBS-COMP ) /OBS 


450.00  444.56 
444 .56  443.44 
443.44  443.19 
443 . 19  443.13 
443 . 13  443.12 


1 .51073730 

1.51073730 

1 .51073730 

1 .51073730 

1 .51073730 


1 . 48908610 
1 .50608380 
1 .50967900 
1 .51049390 
1.51068170 


.01433154 
. 00308028 
.00070051 
.00016111 
.00003680 


73. 


1,6186000  1.00640000  77.00000  300.000000 

101.8000  101.5100  450.0000 

.71069000  .39161 140E-13 


DEBYE  TEMP 

OLD  NEW 

INTENS I TY 
OBSERVED 

RATO 

COMPUTED 

(OBS-COMP ) /OBS 

450.00 

430.04 

1 . 60830670 

1 .52101480 

.05427565 

430,04 

427.09 

1 . 60830670 

1 .59299490 

.00952044 

427.09 

426.44 

1 . 60830670 

1.60483110 

.00216103 

426.44 

426.29 

1 . 60830670 

1.60749460 

.00050494 

426.29 

426.25 

1 . 60830670 

1.60811490 

.00011925 

426.25 

426.24 

1 . 60830670 

1.60826180 

.00002791 

subroutine  error  number  HI. 
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APPENDIX  IV 

Results  of  Debye  Temperature  Determination  by  the  Slope  Method 


The  data  listed  here  are  printed  by  the  Fortran  program  shown 
on  page  121  .  The  numerical  analysis  is  described  on  pages  117  to  123  . 
Each  page  contains  the  results  of  one  determination  of  the  Debye  temper¬ 
ature.  The  first  two  lines  on  each  page  are  the  input  data.  For  the 
results  shown  on  page  75  the  input  data  have  the  following  meanings: 

0.42647  --  the  slope 

300.0  --  specimen  temperature 

445.0  --  estimated  Debye  temperature 

Q. 

391.6114  --  a  constant  containing  the  factor  (12h  /mk). 


75. 


.42647000 

445.00000000 


300.00000000 

391.61140000 


DEBYE  T 
OLD 

EMP 

NEW 

SLOPE 

OBSERVED 

COMPUTED 

(OBS-COMP ) /OBS 

445.00 

438.36 

.42647000 

.40739621 

.0447248 1 

438.36 

436.88 

. 42647000 

.42214074 

.01015138 

436.88 

436.56 

.42647000 

.42553706 

.00218758 

436.56 

436.49 

.42647000 

.42627148 

.00046549 

436.49 

436.48 

.42647000 

.42642759 

.00009944 

76. 


.35452000  300.00000000 

445.00000000  391.61140000 


DEBYE  T 
OLD 

EMP 

NEW 

SLOPE 

OBSERVED 

COMPUTED 

(OBS-COMP ) /OBS 

445.00 

467.12 

.35452000 

.40739621 

.14914873 

467.1 2 

470.84 

.35452000 

.  36300272 

.02392733 

470.84 

471 . 58 

.35452000 

.35618211 

.00468833 

471.58 

471.73 

.35452000 

.35485606 

.00094792 

471.73 

471.76 

.35452000 

.35458791 

.00019155 

471 . 76 

471.77 

.35452000 

.35453386 

.00003909 

77. 


.41500000 

445.00000000 


300.00000000 

391.61140000 


DEBYE  T 
OLD 

EMP 

NEW 

SLOPE 

OBSERVED 

COMPUTED 

( OBS-COMP ) /OBS 

445.00 

442.28 

.41500000 

.40739621 

.01832238 

442.28 

441.69 

.41500000 

.41335054 

.00397460 

441.69 

441 . 57 

.41500000 

.41465012 

. 00084308 

441.57 

441 . 54 

. 41 500000 

.41492569 

.00017906 

441 .54 

441 . 54 

.41500000 

.41498432 

.00003778 

78. 


.27835000 

445.00000000 


77.00000000 

391.61140000 


DEBYE  TEMP 

OLD  NEW 

SLOPE 

OBSERVED 

COMPUTED 

(OBS-COMP ) /OBS 

445.00 

320.07 

.27835000 

.  04393030 

.  84217603 

320.07 

256.28 

.27835000 

.  11193495 

.59786258 

256.28 

234.03 

.27835000 

.20584774 

.26047156 

234.03 

229.60 

.27885000 

.26252149 

.05686549 

229.60 

229.01 

.27835000 

.27620043 

.00772254 

229.01 

228 . 94 

.27835000 

.27809373 

.00092067 

228.94 

228.93 

.27835000 

.27831934 

.00011014 

228.93 

228 . 93 

.27835000 

.27834645 

.00001275 

79. 


.  35579000 
445.00000000 


300.00000000 
391.61 140000 


DEBYE 

OLD 

TEMP 

NEW 

SLOPE 

OBSERVED 

COMPUTED 

(OBS-COMP ) /OBS 

445  . 

00 

466.51 

.35579000 

.40739621 

.14504682 

466  • 

51 

470.16 

.35579000 

.36413397 

.02345195 

470. 

16 

470.88 

.35579000 

.35742720 

.00460159 

470. 

88 

471.02 

.35579000 

.35612132 

.00093122 

471  . 

02 

471 . 05 

.35579000 

.35585695 

.00018817 

471  . 

05 

471 .06 

.35579000 

.35580377 

.00003870 

80. 


.42867000  300.00000000 

445.00000000  391.61140000 


DEBYE  T 
OLD 

EMP 

NEW 

SLOPE 

OBSERVED 

COMPUTED 

( OBS-COMP ) /OBS 

445.00 

437.63 

.42867000 

.40739621 

.04962742 

437.63 

435.98 

.42867000 

.42380130 

.01135768 

435.98 

435.62 

.42867000 

.42761749 

.00245529 

435.62 

435.54 

.42867000 

.42844542 

.00052389 

435.54 

435.53 

.42867000 

.42862190 

.00011220 

435.53 

435 . 52 

.42867000 

.42866017 

.00002293 

81. 


.29895000 

445.00000000 


77 . 00000000 
391 .61  140000 


DERYE  TEMP 

OLD  NEW 

SLOPE 

observed 

COMPUTED 

(OBS-COMP ) /OBS 

445.00 

318.46 

.29895000 

. 04393030 

.85305134 

318.46 

252.61 

.29895000 

. 11352001 

.62027091 

252.61 

228.69 

.29895000 

.21400388 

.28414825 

228.69 

223.63 

.29895000 

.27911932 

.06633443 

223.63 

222.92 

.29895000 

.29611654 

.00947803 

222.92 

222.84 

.29895000 

.29859961 

.00117206 

222.84 

222.83 

.29895000 

.29890678 

.00014457 

222.83 

222.82 

.29895000 

.29894478 

.00001746 

APPENDIX  V 


82. 


Some  Parameters  for  Bragg  Reflections  from  Nickel  with  MoK 


In  this  appendix  the  lattice  parameter  of  nickel  used  is  3.5237A.  The  hkl 


are  the  Miller  indices  and  9  is  the  Bragg  angle.  For  each  value  of  hkl  ,  the 


parameters  are  listed  for  three  wavelengths.  The  number  in  column  three 


specifies  the  wavelength;  a  1 1 '  denotes  the  MoKoC)  =  0.70926A;  a  '2'  denotes 


the 

MoK^  = 

0. 

713543A  ; 

and  a  '3 ' 

denote  s 

the  mean 

MoK^  = 

0.  7 1 069 A . 

hkl 

9 

W 

sin0 

sin20 

sinG 

sin2  0 

47Tsin£9 

Lo  rent  z 

Nelson 

W 

W2 

Wz 

Polariz- 

R  i  ley 

ation 

111 

10.03 

1 

.  1743 

.0303 

.2457 

.  0604 

.759 

.0158 

5.5481 

111 

10.10 

2 

.  1753 

.0307 

.2457 

.  0604 

.759 

.0160 

5.5126 

111 

10.05 

3 

.1746 

.0305 

.2457 

.  0604 

.759 

.0159 

5.5361 

200 

11.61 

1 

.2012 

.0405 

.2837 

.  0805 

1.012 

.0215 

4.7505 

200 

11.68 

2 

.2024 

.0410 

.2837 

.0805 

1.012 

.0217 

4.7194 

200 

11.63 

3 

.2016 

.0406 

.2837 

.  0805 

1.012 

.  0216 

4.7400 

220 

16.53 

1 

.2846 

.0810 

.4013 

.1610 

2.024 

.  0456 

3.2060 

220 

16.64 

2 

.2863 

.0820 

.4013 

.1610 

2.024 

.  0462 

3.1831 

220 

16.57 

3 

.  2852 

.0813 

.4013 

.1610 

2.024 

.  0458 

3.1982 

311 

19.49 

1 

.  3337 

.1114 

.4706 

.2214 

2.783 

.  0654 

2.6365 

311 

19.62 

2 

.  3358 

.1127 

.4706 

.2214 

2.783 

.  0663 

2.6164 

311 

19.54 

3 

.  3344 

.1118 

.4706 

.2214 

2.783 

.  0657 

2.6297 

222 

20.40 

1 

.  3486 

.1215 

.4915 

.2416 

3.036 

.0724 

2.4932 

222 

20.53 

2 

.  3507 

.1230 

.4915 

.2416 

3.036 

.0734 

2.4738 

222 

20.44 

3 

.  3493 

.1220 

.4915 

.  2416 

3.036 

.0727 

2.4867 

400 

23 . 73 

1 

.4025 

.16  2  0 

.5675 

.  3221 

4.048 

.1018 

2.0519 

400 

23 . 89 

2 

.4049 

.1640 

.5675 

.  3221 

4.048 

.1033 

2.0345 

400 

23.78 

3 

.4033 

.1627 

.5675 

.  3221 

4.048 

.1023 

2.0460 

331 

26 . 02 

1 

.4386 

.  1924 

.6185 

.  3825 

4.807 

.1254 

1.8095 

331 

26 .18 

2 

.  4413 

.1947 

.6185 

.  3825 

4.807 

.1273 

1.7930 

1*3 


331 

420 

420 

420 

422 

422 

422 

311 

511 

511 

333 

333 

333 

440 

440 

440 

531 

531 

531 

60  0 

600 

600 

620 

620 

620 

533 

533 

533 

622 

622 

622 

444 

444 

444 


26.07 

3 

.4395 

26 . 74 

1 

.4500 

26.92 

2 

.4527 

26.80 

3 

.4509 

29.54 

1 

.4930 

29.73 

2 

.4960 

29 . 60 

3 

.  4940 

31.53 

1 

.  5229 

31.74 

2 

.  5261 

31 .60 

3 

.5240 

31.53 

1 

.  5229 

31 . 74 

2 

.  5261 

31.60 

3 

.  5240 

34.70 

1 

.  5693 

34.94 

2 

.  5727 

34.78 

3 

.5704 

36 . 54 

1 

.  5954 

36 . 79 

2 

.  5989 

36 . 62 

3 

.  5966 

37 . 14 

1 

.6038 

37.40 

2 

.  6074 

37.23 

3 

.6050 

39.53 

1 

.  6365 

39.81 

2 

.6403 

39 . 62 

3 

.6378 

41 .29 

1 

.6599 

41.60 

2 

.6639 

41.39 

3 

.6612 

41 .88 

1 

.6675 

42 . 19 

2 

.6716 

41 . 98 

3 

.6689 

44.20 

1 

.6972 

44 .54 

2 

.  7014 

44.32 

3 

.  6986 

.1932 

.6185 

.2025 

.2050 

.2033 

.6345 
.6345 
.  6345 

.2430 

.2460 

.2440 

.6951 

.6951 

.6951 

.2734 

.2767 

.2745 

.  7373 
.  7373 
.  7373 

.2734 

.2767 

.2745 

.  7373 
.  7373 
.7373 

.3241 
.  3280 
.  3254 

.8026 

.8026 

.8026 

.3545 

.3587 

.3559 

.8394 

.8394 

.8394 

.3646 

.3690 

.3661 

.8513 

.8513 

.8513 

.4051 
.4100 
•  4067 

.8974 

.8974 

.8974 

.4355 

.4408 

.4373 

.  9304 
.  9304 
.9304 

•  4456 
.4510 
.4474 

.9412 

.9412 

.9412 

.4861 

.4920 

.4881 

.9830 
.9830 
.  9830 

.  3825 

4.807 

.4026 

.4026 

.4026 

5.060 

5.060 

5.060 

.4832 

.4832 

.4832 

6.072 

6.072 

6.072 

.  5436 
.5436 
.5436 

6.831 

6.831 

6.831 

.  5436 
.  5436 
.  5436 

6.831 

6.831 

6.831 

.  6443 
.  6443 
.6443 

8.096 

8.096 

8.096 

.7047 

.7047 

.7047 

8.855 

8.855 

8.855 

.  7248 
.7248 
.  7248 

9.108 

9.108 

9.108 

.  8053 
.  8053 
.  8053 

10.120 

10.120 

10.120 

.  8657 
.8657 
.8657 

10.879 

10.879 

10.879 

.8859 
.8859 
.  8859 

11.132 

11.132 

11.132 

.9664 
.9664 
.  9664 

12.144 

12.144 

12.144 

83. 


.1260 

1.8039 

.1336 

.1356 

.1342 

1.7399 

1.7237 

1.7344 

.1673 

.1698 

.1681 

1 . 5016 
1.4863 
1.4964 

.1934 

.1962 

.1943 

1.3547 
1 . 3400 
1.3497 

.1934 
.  1962 
.1943 

1 .3547 
1 . 3400 
1 . 3497 

.2371 

.2404 

.2382 

1.1515 
1.1375 
1 . 1468 

.2625 

.2660 

.2637 

1.0481 
1.0344 
1 . 0435 

.2707 

.2743 

.2719 

1 .0161 
1.0025 
1.0115 

.  3016 
.3050 
.  3027 

.8983 

.8850 

.8938 

.  3218 
.  3250 
.  3229 

.8192 
.8062 
.  8148 

.  3279 
.3310 
.  3289 

.7943 

.7814 

.7899 

.  3482 
.  3506 
.  3490 

.7014 

.6887 

.6971 

84. 


711 

45 . 94 

1 

.7187 

711 

46 . 30 

2 

.  7230 

711 

46 . 06 

3 

.  7201 

551 

45 . 94 

1 

.  7187 

551 

46 . 30 

2 

.7230 

551 

46 . 06 

3 

.  7201 

640 

46.53 

1 

.  7257 

640 

46.89 

2 

.7301 

640 

46.65 

3 

.7272 

642 

48 . 86 

1 

.7531 

642 

49 .25 

2 

.7576 

642 

48 . 99 

3 

.  7546 

553 

50.62 

1 

.  7730 

553 

51.05 

2 

.  7777 

553 

50.76 

3 

.  7746 

731 

50.62 

1 

.  7730 

731 

51.05 

2 

.  7777 

731 

50 . 76 

3 

.7746 

800 

53.62 

1 

.  8051 

800 

54.09 

2 

.  8099 

800 

53 . 78 

3 

.8067 

733 

55.46 

1 

.  8237 

733 

55.97 

2 

.  8287 

733 

55.63 

3 

.  8254 

820 

56.08 

1 

.8299 

820 

56.60 

2 

.  8349 

820 

56.26 

3 

.8315 

644 

56.08 

1 

.8299 

644 

56.60 

2 

.8349 

644 

56.26 

3 

.8315 

822 

58.64 

1 

.  8539 

822 

59.21 

2 

.  8591 

822 

58 .83 

3 

.  8557 

.5165 
.  5228 
.5186 

1.0133 

1.0133 

1.0133 

1.0268 

1.0268 

1.0268 

.5165 
.  5228 
.5186 

1.0133 

1.0133 

1.0133 

1.0268 
1.0268 
1 . 0268 

.  5266 
.  5330 
.  5288 

1.0232 

1.0232 

1.0232 

1 . 0469 
1.0469 
1.0469 

.5672 
.5740 
.  5695 

1.0618 

1 .0618 
1.0618 

1 .1275 
1 .1275 
1 .1275 

.5975 

.6048 

.6000 

1.0899 

1 .0899 
1.0899 

1 .1879 
1 .1879 
1 .1879 

.  5975 
.6048 
.6000 

1.0899 

1.0899 

1.0899 

1 . 1879 
1 .1879 
1 .1879 

.6482 

.6560 

.6508 

1.1351 

1.1351 

1.1351 

1.2886 
1.2886 
1 .2886 

.6786 

.6868 

.6813 

1 .1614 

1 .1614 

1 .1614 

1 . 3490 
1 .3490 
1 . 3490 

.6887 

.6970 

.6915 

1.1701 

1 .1701 

1 .1701 

1 . 3691 
1 . 3691 
1.3691 

.6887 

.6970 

.6915 

1 .1701 
1.1701 

1 .1701 

1.3691 
1 . 3691 
1.3691 

.7292 

.7380 

.7322 

1 .2040 
1.2040 
1.2040 

1.4496 
1 .4496 
1.4496 

12.903 

12.903 

12.903 

.  3587 
.  3604 
.3593 

.6377 

.6251 

.6334 

12.903 

12.903 

12.903 

.3587 
.  3604 
.3593 

.6377 

.6251 

.6334 

13.156 

13.156 

13.156 

.3613 

.3626 

.3617 

.6174 

.6050 

.6132 

14.169 

14.169 

14.169 

.  3665 
,  3666 
•  3  66  5 

.  5410 
.  5287 
.5369 

14.928 

14.928 

14.928 

.3651 
.  3642 
.3648 

.4879 

.4758 

.4838 

14.928 

14.928 

14.928 

.  3651 
.3642 
.  3648 

.4879 

.4758 

.4838 

16.193 

16.193 

16.193 

.  3534 
.3505 
.  3524 

.4063 

.3944 

.4023 

16.952 

16.952 

16.952 

.  3411 
.3372 
.3398 

.3610 

.3492 

.3570 

17.205 

17.205 

17.205 

.  3363 
.  3320 
.  3349 

.  3464 
.3347 
.3425 

17.205 

17.205 

17.205 

.3363 
.  3320 
.3349 

.  3464 
.3347 
.3425 

18.217 

18.217 

18.217 

.3135 
.  3079 
.3116 

.2907 

.2791 

.2868 

660 

66  0 

660 

751 

751 

751 

555 

555 

555 

662 

662 

662 

840 

840 

840 
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58 .64 

1 

.  8539 

59.21 

2 

.8591 

58 .83 

3 

.  8557 

60 . 64 

1 

.8715 

61.26 

2 

.8768 

60.85 

3 

.  8733 

60 . 64 

1 

.8715 

61.26 

2 

.8768 

60 .85 

3 

.8733 

61.32 

1 

.8773 

61.96 

2 

.8826 

61.54 

3 

.8791 

64.17 

1 

.9001 

64 . 90 

2 

.9055 

64.42 

3 

.9019 

.7292  1.2040 
.7380  1.2040 
.7322  1.2040 


.7596  1.2288 
.7688  1.2288 
.7627  1.2288 


.7596  1.2288 
.7688  1.2288 
.7627  1.2288 


.7697  1.2370 
.7790  1.2370 
.7729  1.2370 


.8102  1.2691 
.8201  1.2691 
.8135  1.2691 


1.4496 

1.4496 

1.4496 

18.217 

18.217 

18.217 

1.5100 

1.5100 

1.5100 

18.976 

18.976 

18.976 

1.5100 

1.5100 

1.5100 

18.976 

18.976 

18.976 

1 .5302 

1 .5  302 

1 .5302 

19.229 

19.229 

19.229 

1.6107 

1 .6107 
1.6107 

20.241 

20.241 

20.241 

.3135 

.2907 

.3079 

.2791 

.3116 

.2868 

.2933 

.2514 

.2867 

.2399 

.2911 

.2475 

.2933  .2514 
.2867  .2399 
.2911  .2475 


.2860  .2387 
.2791  .2272 
.2837  .2348 


.2547  .1900 
.2467  .1787 
.2521  .1862 


